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The motivation behind this dissertation stems from two polarizing trends inside

modern datacenters—on the one hand, the bandwidth demand and link speed

within datacenters keep increasing rapidly as applications keep getting more

distributed, and resources (e.g., storage) keep getting disaggregated; but on the

other hand, the processing and switching speeds of the underlying network-

ing infrastructure, comprising primarily of general-purpose CPUs and packet

switches, is scaling much more slowly due to the slowdown in Moore’s law and

the end of Dennard scaling. Thus, at the end-hosts, it is becoming increasingly

difficult to saturate the high-speed links using CPU-based network stack, and

in the network core, it is becoming increasingly difficult to build high-speed

switching fabric in a cost and power effective manner using packet switches.

To that end, this dissertation looks beyond the general-purpose CPUs and the

packet switches as the building blocks for datacenter networks, and instead

presents two promising alternatives that demonstrate that it is possible to build

high-performance, high-speed end-host network stacks and switching fabrics at

low cost and power, even as Moore’s law continues to slow down.

First, with regards to the end-host network stack, this dissertation demon-

strates the need to complement general-purpose CPUs with domain-specific

processors for network processing, to keep up with increasing link speeds.

However, one of the key challenges with designing a domain-specific proces-

sor is providing the right balance between programmability and performance.



Using packet scheduling as the target network processing application, our main

contribution here is a new packet scheduling primitive, called Push-In-Extract-

Out (PIEO), and the corresponding hardware architecture implementing the

primitive, that together form an idealistic packet scheduler which is simulta-

neously programmable, scalable, and high-speed—PIEO primitive is more ex-

pressive (programmable) than any state-of-the-art packet scheduling primitive,

and PIEO’s hardware architecture could easily scale to 10s of thousands of flows

(>30×more scalable than state-of-the-art) while making scheduling decisions in

O(1) time (up to 300× faster than a single CPU core).

Second, with regards to the switching fabric, this dissertation demonstrates

that by using fast circuit switches (that could reconfigure within nanosec-

onds) as building blocks, one could build extremely high-speed and high-

performance switching fabrics in a cost and power effective manner. The key

challenge here is designing a high-speed control plane for the circuit-switched

network that could complement the fine-grained reconfiguration technology by

being able to schedule the right set of circuits every few nanoseconds. In that

regard, our main contribution here is a new control plane architecture for cir-

cuit switching which is a stark departure from the traditional (slow) centralized

controller-based architectures, and is in fact a fully de-centralized and traffic

agnostic design that could schedule high-performing circuit configurations at

nanosecond granularity. Further, our design is agnostic to the underlying cir-

cuit switching technology, and can operate with electrical, optical, or wireless

technologies alike. We demonstrate that the resulting circuit-switched network,

called Shoal, can effectively scale to high switching speeds while achieving com-

parable or better throughput and latency than several state-of-the-art packet-

switched network designs at significantly lower power and cost.



Overall, through PIEO and Shoal, this dissertation demonstrates that by ef-

fectively leveraging the promise of domain-specific processing and fast circuit

switching, one can indeed build efficient high-speed end-host network stacks

and switching fabrics even in light of continued slowdown in Moore’s law and

the end of Dennard scaling.
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CHAPTER 1

INTRODUCTION

The modern datacenter has emerged as the dominant computing platform that

powers most of world’s consumer online services, financial, military, and scien-

tific application domains. Further, virtually every application and service run-

ning inside the datacenter relies on network connectivity. In this dissertation,

we study the impact of slowdown in Moore’s law and the end of Dennard scal-

ing on datacenter networking, and propose new designs and architectures for

high-performance, high-speed networking in the Post-Moore era.

1.1 Background

We begin by giving a brief overview of the modern datacenter network, fol-

lowed by a discussion of the ongoing trends in transistor scaling, the underlying

technology behind the existing datacenter networking infrastructure.

1.1.1 Modern Datacenter Networks

Modern datacenters comprise a cluster of compute nodes or “end-hosts”, that

can range from an order of few thousands to a million, interconnected using

a datacenter-wide network. The primary job of the datacenter network is to

effectively facilitate all remote communications between the applications run-

ning at the end-hosts, which puts network on the critical path to performance,

availability, and even security of applications inside datacenters.

1



The communication over a datacenter network typically has two

components—(a) a network stack at the end-host that moves data from the ap-

plications onto the wire, and (b) a switching fabric that moves data between the

end-hosts. We discuss both of them below.

End-host Network Stack. The network stack at each end-host provides the in-

terface to the applications to communicate over the network. Typically, the en-

tire network stack functionality is divided into smaller independent modules

called layers. The Open Systems Interconnection (OSI) model introduces seven

abstraction layers [133] — Physical layer (the lowest layer in the stack), Data

Link Layer, Network Layer, Transport Layer, Session Layer, Presentation Layer,

and Application Layer (the highest layer in the stack). Each layer serves the

layer above it and is served by the layer below it.

Further, end-hosts in modern datacenters are built using commodity servers.

Each server is equipped with networking hardware infrastructure (Figure 1.1)

that implements the end-host network stack, as described below.

General-purpose Central Processing Unit (CPU). Most of the network stack

at the end-hosts (from Application Layer through most of the Data Link Layer)

is typically implemented on top of general-purpose CPUs. The key advantage

of such a design is the ease of programmability, that provides the datacenter op-

erators with the flexibility to rapidly experiment, test, and deploy new network

stack functionalities, or update the existing ones. Figure 1.2 shows the typical

CPU specifications of commodity servers around the year 2020.

Network Interface Card (NIC). A Network Interface Card (NIC) is an

Application-specific Integrated Circuit (ASIC), that typically implements a part
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Figure 1.1: End-host networking infrastructure inside modern datacenters, com-
prising general-purpose CPU, Network Interface Card (NIC), and accelerators
such as FPGA. CPU implements majority of the network stack, while NIC im-
plements a part of the Data Link Layer and the Physical Layer. For higher per-
formance, certain network stack functionalities are offloaded to NIC and accel-
erator. CPU communicates with NIC and accelerator over the Peripheral Com-
ponent Interconnect Express (PCIe) bus, while NIC and accelerator optionally
communicate via their respective network interfaces.

of the Data Link Layer and the entire Physical Layer of the network stack. In ad-

dition, modern NICs also implement a few other network stack functionalities

offloaded from the CPUs for higher performance, such as Large Send Offload

(LSO) [129], Receiver Side Scaling (RSS) [156], Quality-of-Service (QoS), and Re-

mote Direct Memory Access (RDMA) [135]. While offloading functionalities

to NICs result in higher performance, a key limitation of this approach is that

commodity ASIC NICs at the time of writing this dissertation are mostly fixed-

function, thus not allowing users to modify or program new functionalities once

the NIC has been manufactured. Figure 1.2 shows the typical specifications of

commodity ASIC NICs around the year 2020.
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Component Specifications
General-purpose CPU Number of cores: 4–56

Clock speed: 1.8–4.5 GHz
L2/L3 cache size: 8.25–77 MB
Power: 165 W

Network Interface Card Number of ports: 1–2
Per port speed: 200/100/50/40/25/10 Gbps

FPGA Board Number of logic elements: 200–3000 K
Embedded SRAM size: 52–234 MBits
Number of ports: 1–4
Per port speed: 100/50/40/25/10 Gbps

Packet Switch Aggregate switching speed: 6.4–25.6 Tbps
(fixed-function) Number of ports: 32–256

Per port speed: 400/200/100/50/40/25/10 Gbps
Packet Switch Aggregate switching speed: 6.4–12.8 Tbps

(programmable) Number of ports: 32–256
Per port speed: 400/200/100/50/40/25/10 Gbps

Figure 1.2: Typical specifications of networking hardware inside datacenters
around the year 2020. CPU specifications are from Intel [117], NIC specifi-
cations are from Mellanox [159], FPGA specifications are from Terasic Stratix
DE boards [163], fixed-function packet switch specifications are from Broad-
com [143], and programmable packet switch specifications are from Barefoot
Networks (an Intel company) [149].

Network Accelerator. Modern datacenters also equip end-hosts with net-

work accelerators to offload certain network stack functionalities from the CPU

for higher performance. The most prominent network accelerator used in mod-

ern datacenters are the Field-programmable Gate Arrays (FPGAs). As an ex-

ample, in 2018, Microsoft datacenters introduced AccelNet [33], a system that

offloaded the virtual switch (vSwitch) from the CPUs onto the FPGAs. The ad-

vantage of offloading functionalities onto an FPGA as opposed to a commodity

NIC is that FPGAs are programmable, unlike fixed-function commodity NICs.

Thus FPGAs give the datacenter operators more flexibility, at the cost of lower

performance and power efficiency compared to commodity NICs. Figure 1.2

shows the typical specifications of FPGAs around the year 2020.
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tier-1

end-hosts

Switching Fabric Switching ChipPacket switch

Figure 1.3: A typical packet-switched switching fabric inside modern datacen-
ters. The example comprises 20 packet switches forming a three-tier Fattree
topology with full bisection bandwidth connecting 16 end-hosts.

Switching Fabric. The end-hosts inside datacenters are interconnected using a

datacenter-wide switching fabric. The switching fabric comprises a collection

of packet switches connected in some network topology to provide the necessary

bisection bandwidth. The most common topology inside modern datacenters is

a Folded Clos topology, such as Fattree [1] (Figure 1.3).

Packet Switch. The building blocks of modern datacenter switching fabric

are the packet switches. Traditionally, each packet switch comprises a fixed-

function switching chip that implements the Ethernet protocol. Figure 1.2

shows the typical specifications of fixed-function packet switches around the

year 2020. More recently however, there has been an introduction of pro-

grammable packet switches inside the datacenters, that comprise a programmable

switching chip that allows the users to program custom packet processing

protocols, rather than being restricted to the conventional Ethernet protocol.

Figure 1.2 shows the typical specifications of programmable packet switches

around the year 2020.
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1.1.2 Trends in Transistor Scaling

In 1965, Gordon Moore postulated that the number of transistors on a given

chip would double every year. He later revised it in 1975 to doubling every

two years. This came to be known as the Moore’s law. Around the same time

in 1974, Robert H. Dennard proposed a power scaling law that roughly stated

that as transistors get smaller, their power density stays constant, so that the

power use stays in proportion with area. This came to be known as Dennard

scaling. Combined with Moore’s law, this meant that the performance per Watt

of transistor-based technology would double every 18 months.

For a better part of four decades, Moore’s law and Dennard scaling drove

the entire transistor-based industry, that powers everything from processors to

memory to (solid-state) storage to packet switches—in every technology genera-

tion, as the number of transistors on a chip doubled, the circuit became roughly

40% faster, while power consumption (with twice the number of transistors)

stayed the same.

However, towards the later half of 2000s, both Moore’s law and Dennard

scaling started to deviate from their original trends—Dennard scaling ended in

2006, while Moore’s law has slowed down significantly since 2010, and is ex-

pected to end altogether by as early as 2025 according to some projections [131].

This seismic shift in the transistor scaling trends has had, and continues to have,

profound implications for every field in computing. This dissertation focuses

specifically on its impact on datacenter networking, and proposes new designs

and architectures for networking in the Post-Moore era.

6



Figure 1.4: Exponential rise in datacenter link speed over the last decade [32].

1.2 Motivation

The number of users on the Internet continues to grow steadily [126], from 1.04

billion in 2005 (16% of the world population in 2005) to 4.15 billion in 2019

(53.6% of the world population in 2019). Popular web applications such as Face-

book alone has over 2.6 billion monthly active users as of early 2020 [162]. And

almost entirety of all such web applications and services are hosted inside one

of the datacenters worldwide. Next, we are also living in a time of massive data

explosion, with over 90% of the total data in human history generated in just

last few years [158]. According to a market intelligence company [161], the to-

tal amount of world’s data reached 18 zettabytes in 2018 (a zettabyte is 1021 or

270 bytes), and is expected to reach 175 zettabytes by 2025. Further, over 40%
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of that data in 2018 was stored and processed inside datacenters worldwide,

and by 2025 that number is expected to reach over 65% [161]. Thus, to be able to

scale to the large number of users, and process and analyze the large amounts of

data, computation inside modern datacenters tends to be massively distributed

in nature, i.e., the computation for a given application or service is distributed

across multiple end-hosts to overcome the limited processing capacity of a sin-

gle end-host. A key upshot of such a distributed computation is that all the

communication between the end-hosts has to go over the datacenter network

connecting the end-hosts. Thus the bandwidth demand from the datacenter

network, to effectively facilitate all the remote communications, is rising very

rapidly. This demand is further exacerbated by the slowdown in Moore’s law

and the end of Dennard scaling, that has stagnated the scaling of processing

capacity of individual end-hosts, thus forcing the applications to get even more

distributed to meet their performance and scalability objectives. In addition, the

resources within datacenters (e.g., storage) are also becoming increasingly disag-

gregated [34], as disaggregation promises to significantly improve the efficiency

of datacenters, e.g., via more efficient resource pooling and provisioning, higher

compute density, and elastic scaling. This further adds to the rising bandwidth

demand. In fact, Google reports that the bandwidth demand inside their dat-

acenters doubles every year [7]. This is also evident from the exponential rise

in link speeds inside datacenters, that has increased by 400× during a ten year

period of 2010—2020 (virtually doubling every year), as illustrated in Figure 1.4.

Thus overall, there is a pressing need to design a high-speed datacenter net-

working infrastructure (for both the end-host network stack and the switch-

ing fabric) that could effectively scale with the ever-increasing link speeds and

bandwidth demand. This is precisely the focus of this dissertation.
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1.3 Limitations of Existing Approaches

In this section, we discuss how the existing approaches to designing the end-

host network stacks (Section 1.3.1) and switching fabrics (Section 1.3.2) fall short

when it comes to scaling to ultra-high link speeds and bandwidth demands.

1.3.1 General-purpose Processor-based Network Stacks

The major portion of the network stack at the end-hosts inside modern data-

centers is implemented on top of general-purpose CPUs (Figure 1.1). The key

benefit of such a design is the ease of programmability, that allows users the

flexibility to program and deploy new algorithms and protocols in software at

very small timescales, which is a key enabler for innovations. Further, while

the link speeds inside datacenters were relatively slow and CPU processing

speeds were scaling exponentially according to Moore’s law, a CPU-based net-

work stack was also sufficient to saturate the network access link. However,

the slowdown in Moore’s law and the end of Dennard scaling has meant that

the processing speed of a single CPU core, which once used to double every 18

months, is now doubling every 20 years (Figure 1.5), whereas the link speeds

are doubling virtually every year (Figure 1.4). As a result, it is becoming in-

creasingly difficult to saturate the high-speed links using CPU-based network

stack [33, 5, 6]. For a concrete example, we consider packet scheduling, a key

end-host network stack operation. The job of a packet scheduler is to transmit

packets from end-hosts onto the wire in accordance with some scheduling al-

gorithm running at the end-host. Unfortunately, the state-of-the-art CPU-based

packet schedulers are barely able to saturate a 10 Gbps link using a single CPU
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Figure 1.5: Scaling of CPU performance over the years. Since 2018, the perfor-
mance improvement is just 3.5% per year, or doubling every 20 years. (Image
source: Hennessy & Patterson 6e [43])

core [93]. This is clearly not sufficient, given that the link speeds inside datacen-

ters have already reached over 100 Gbps.

Using multiple CPU cores to implement the network stack can potentially

improve the performance, but the performance scaling is typically sub-linear

with the number of cores due to Amdahl’s law [121] and the overheads of state-

ful operations (e.g., locking overheads and cache coherency). Further, several

prior studies [5, 42, 52] have shown that saturating a 100 Gbps or a 400 Gbps

link using a CPU-based network stack would require prohibitively large num-

ber of cores. Using the example of packet scheduling from above, even with

perfect scaling, it would require 10 cores to schedule packets at line rate over a

100 Gbps link, and a whopping 40 cores for a 400 Gbps link. Even the most pow-

erful commodity servers in 2020 only have a few 10s to up to a 100 cores, and

to make matters even worse, the multi-core scaling is fundamentally limited by

the power consumption, typically forcing only a subset of cores to be powered-
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on at any given time or forcing the cores to run at slower clock speeds [30].

Thus, allocating a large number of cores for exclusively network processing is

not only becoming unsustainable but is also a poor utilization of the general-

purpose computation power, which could have otherwise been used to run ac-

tual applications. For datacenter operators, this could result in significant loss

in revenue [33].

Some recent designs have also explored alternative general-purpose archi-

tectures for implementing the network stack, such as Graphics Processing Units

(GPUs) [52] and NICs with embedded CPU cores [67]. However, these archi-

tectures are just different manifestations of a multi-core architecture described

above, and hence ultimately suffer from the same fundamental limitations.

1.3.2 Packet-switched Switching Fabrics

Packet switches are the building blocks of modern datacenter switching fab-

rics. Each packet switch typically comprises a switching chip responsible for

forwarding data at line rate. However, slowdown in transistor and power scal-

ing, due to slowdown in Moore’s law and end of Dennard scaling, has also im-

pacted the scaling of switching speeds of packet switches [75]—(i) it has become

increasingly difficult to increase the number of I/O pins on a switching chip,

thus limiting the number of I/O channels per switching chip, and (ii) it has also

become increasingly difficult to increase the rate of serialization and deserializa-

tion (SerDes) hardware, thus limiting the data rate per I/O channel. Fortunately,

over the last decade (Figure 1.6), by supplementing the slow transistor scaling

(40 to 7 nanometer(nm) process shrink over 10 years) with higher-level archi-
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Figure 1.6: Broadcom switching chips double in speed every two years. The
most recent generation of Broadcom switching chip (Tomahawk 4) runs at 25.6
Terabits/second and is built using 7 nm process technology.

tectural innovations, leading switch chip manufacturers like Broadcom have

managed to double the switching speeds of their packet switches every two

years [152]. Unfortunately however, even with the current scaling trend, the

increase in switching speed is still not able to keep pace with the rising band-

width demand (Figure 1.8), and even worse, the current scaling trend of packet

switches is only going to get slower in the coming years, as transistor scaling is

expected to end altogether [131], and the gains from higher-level architectural

innovations (such as pipeline parallelism) tend to hit a wall eventually, partly

because of power constraints, as observed with multi-core scaling [30].

Next, a typical datacenter switching fabric comprises a collection of packet

switches connected in some network topology, the most common being a

Folded Clos topology such as Fattree [1] as illustrated in Figure 1.3. Now given
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that the switching speeds of individual packet switches are unable to keep pace

with the increasing bandwidth demand, scaling the switching fabric to higher

bandwidth would require more number of switches, more number of tiers in the

topology, more number of fibers, and more number of transceivers, which to-

gether translates to increased power, cost, and number of hops through the net-

work (latency). As an illustration, consider a 8,192 end-host network. Assuming

25 Gbps links and 128-port × 25 Gbps switches, one could build a full bisection

bandwidth Fattree network using two tiers (4 hops), 192 switching chips, 24 K

transceivers, and 12 K fibers. Now suppose the end-host link bandwidth in-

creased to 100 Gbps due to an increased bandwidth demand. If the switching

speed of individual packet switches was able to scale perfectly with the band-

width demand, then we would now have 128-port × 100 Gbps switches, and we

could build a full bisection bandwidth Fattree network using the same number

of resources as before. However, at the other extreme, if the switching speed

of individual switches does not scale with the bandwidth demand, each 128-

port × 25 Gbps switch would now operate as 32-port × 100 Gbps switch, and we

would now require three tiers (6 hops), 1,280 switching chips, 40 K transceivers,

and 20 K fibers to build a full bisection bandwidth Fattree network, resulting in

significant cost, power, and latency overhead even for this toy example.

To overcome some of the cost and power overheads of scaling a traditional

Fattree topology, that comprises one switching chip per switch box, datacenter

operators have started to build a chassis-based Fattree topology where multiple

switching chips are integrated into the same switch box and connected using

energy-efficient copper backplane traces (Figure 1.7). Such an architecture in-

creases the switching capacity within each box resulting in fewer transceivers

and fibers compared to a traditional Fattree, but it comes at the cost of more
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(a) Traditional Packet Switch (b) Chassis Packet Switch

Figure 1.7: A traditional packet switch with one switching chip per switch box
versus a chassis packet switch with multiple switching chips per switch box.

switching chips and more number of hops through the network (latency) [75].

Further, scaling a chassis to higher switching speeds is limited by the power

consumption inside a chassis, thus making it difficult to scale to higher speeds.

1.4 Research Question

Figure 1.8 summarizes the growing gap in the scaling of link speed versus the

CPU and packet switching speed, as explained in detail in Section 1.2 and Sec-

tion 1.3. As a result, it is becoming increasingly unsustainable to use general-

purpose CPUs and packet switches to build high-speed end-host network stacks

and switching fabrics respectively. To that end, this dissertation investigates the

following research question —

Research Question # 1 How to design high-speed end-host network stacks and

switching fabrics for datacenters that achieve high performance at low cost and power

even in light of the continued slowdown in Moore’s law and the end of Dennard scaling?

We further breakdown this overarching research question into two sub-

questions in the following section.
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(a) Link speed vs. CPU clock speed

(b) Link speed vs. Switch chip speed

Figure 1.8: Growing gap in the scaling of link speeds versus the CPU and packet
switching speeds—link speed is practically doubling every year, whereas
packet switch chip speed is doubling every 2 years, while CPU clock speed has
practically stagnated (doubling every 20 years).
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1.5 Approach, Challenges, and Thesis

Given the limitations of existing solutions (Section 1.3), in this section we de-

scribe the approach taken in this dissertation to design high-speed end-host net-

work stacks (Section 1.5.1) and switching fabrics (Section 1.5.2) in Post-Moore

era. We conclude this section by stating the thesis in this dissertation (Sec-

tion 1.5.3).

1.5.1 Domain-specific Processing: Promise and Challenges

Section 1.3.1 described the limitations of using general-purpose processing ar-

chitectures for building high-speed end-host network stacks. Hence, in this dis-

sertation, we explore the idea of complementing general-purpose processors

with domain-specific processors for network processing, as a way to build high-

speed end-host network stacks.

A general-purpose processor is characterized by a fixed, general-purpose

hardware architecture, that cannot be customized for specific applications. As a

result, one has to rely solely on instruction-level optimizations to extract higher

performance. An alternative is Field-programmable Gate Array (FPGA), which

can be programmed with any custom hardware architecture (general-purpose

or otherwise). The ability to customize low-level hardware architecture means

that an FPGA-based implementation of an application typically achieves higher

performance compared to a general-purpose processor-based implementation,

but unfortunately, the performance (and power efficiency) is much lower com-

pared to an Application-specific Integrated Circuit (ASIC)-based implementa-
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tion [56]. This is because FPGAs rely on a generic reconfigurable substrate to

program arbitrary hardware architectures, and unfortunately, this comes with

performance overhead—in essence, FPGAs are just another general-purpose

platform, albeit with a much lower-level programming abstraction compared

to general-purpose processors, and this generality comes at the cost of perfor-

mance. In fact, in a world where performance is the first-order objective, it

has been previously argued [145] that FPGAs are better suited as experimen-

tal platforms for prototyping and validating new hardware architectures, prior

to porting those architectures to an ASIC (which is a much more time-intensive

and irreversible process). As described in Section 1.7, we use FPGAs extensively

in this dissertation to prototype and validate new hardware architectures.

On the other hand, a domain-specific processor presents a different set of

trade-offs. A domain-specific processor is an Application-specific Integrated

Circuit (ASIC), that comprises a custom hardware architecture targeted towards

a specific set of applications. The promise of domain-specific processors is that

they can potentially achieve much higher performance compared to general-

purpose processors and FPGAs, for the target set of applications for which they

were designed. The trade-off, of course, is that unlike general-purpose pro-

cessors and FPGAs, domain-specific processors cannot support arbitrary appli-

cations. Thus, domain-specific processors present a fundamental trade-off be-

tween the range of applications a processor can support (programmability) and

the rate at which it can process those applications (performance).

Unfortunately, even in light of recent advances in programmable network

data plane [16, 15, 103], most state-of-the-art domain-specific processors for

end-host network processing still tend to be fixed-function, that give up on
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programmability altogether in favor of performance1. Examples include fixed-

function ASIC NICs that support a specific congestion control algorithm [187] or

a specific packet scheduling algorithm [88] or a handful of other network stack

functionalities [129, 156, 135], none of which can be modified or augmented

with new functionalities once the NIC has been manufactured. The reason for

such a design choice is rooted in the conventional wisdom that it is extremely

difficult to achieve both programmability and high-performance. And given

that performance is the first-order objective, domain-specific processors make a

fair trade-off by compromising on programmability. However, in the fast evolv-

ing field of datacenter networking, one needs the flexibility to experiment and

adopt new algorithms and protocols without having to re-design the entire pro-

cessor from scratch, which could take of the order of years. Hence, one cannot

completely give up on programmability.

Thus overall, the challenge with realizing the promise of domain-specific

processors for network processing lies in designing the hardware architecture

for the processor that achieves the right balance between programmability and

performance. This dissertation focuses specifically on packet scheduling as the

target network processing application. Unfortunately, all state-of-the-art pro-

cessors for packet scheduling compromise either on programmability or on per-

formance (either speed or scalability) [99].

To that end, this dissertation investigates the following research question —

Research Question # 1.1 How to design a domain-specific processor for packet

scheduling that is simultaneously programmable and high-performance (in terms of

both speed and scalability)?

1There are some works done concurrently with this dissertation, most notably Tonic [6], that
share our vision of programmable domain-specific processors for end-host network processing.
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1.5.2 Circuit Switching: Promise and Challenges

Section 1.3.2 described the limitations of using packet switches for building

high-speed switching fabrics. Hence, in this dissertation, we explore the idea of

using circuit switches to build high-speed switching fabrics in a cost and power

efficient manner.

Unlike packet switches, circuit switches do not make forwarding decisions

for each packet (via the packet’s header contents). As a result, circuit switches

are fundamentally much simpler than packet switches—unlike packet switches,

circuit switches have no packet processing pipeline, no packet buffers, and no

serialization-deserialization circuit. A circuit switch simply has a crossbar used

to set-up connections (or circuits) between the switch’s input and output ports

for forwarding data.

One can use different technologies to build the crossbar for circuit switches,

the two most common being the electrical and the optical technology. An elec-

trical circuit switch is built using the same transistor technology as a packet

switch, and hence is fundamentally limited by the transistor scaling trends. But

given the simplicity of circuit switches over packet switches, an electrical cir-

cuit switch can be far more cost and power efficient than an equivalent packet

switch [101]. Thus, one can potentially scale an electrical circuit-switched fabric

to higher speeds at significantly lower power and cost than a packet-switched

fabric. On the other hand, an optical circuit switch is fundamentally different

from an electrical packet or circuit switch. An optical circuit switch is a layer 0

switch—it operates directly on light beams without needing to translate the op-

tical signals into electrical signals and vice-versa. Thus an optical circuit switch

is even more cost and power efficient than an electrical circuit switch, e.g., it
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does not need transceivers at each switch to convert between optical and elec-

trical signals. But more importantly, since optical circuit switches operate di-

rectly on light beams, these switches are data rate agnostic, meaning as the link

speeds in datacenters scale to higher speeds (e.g., 100 Gbps to 400 Gbps and be-

yond), an optical switching fabric need not be upgraded. Hence, in summary,

a packet-switched fabric can scale to higher speeds with significant increase in

cost and power, an electrical circuit-switched fabric can scale to higher speeds

with much smaller increase in cost and power compared to a packet-switched

fabric, whereas an optical circuit-switched fabric can scale to higher speeds with

zero increase in cost and power (on account of being data rate agnostic).

Interestingly, the scaling advantages of circuit switches over packet switches

have been known for decades. And yet, modern datacenters use packet

switches over circuit switches to build their switching fabrics. The reason being

that the scaling advantages of circuit switches come at a price—unlike packet

switches, circuit switches first need to be configured (i.e., the circuits between

input and output ports need to be set-up) prior to sending any data. One can

further break down this operation into a control plane operation (i.e., deciding

on when and what circuits to set-up, or circuit scheduling) and a data plane oper-

ation (i.e., creating/changing the physical circuits as asked by the control plane,

or circuit reconfiguration). Unfortunately, circuit switches have traditionally been

bottlenecked by the data plane reconfiguration delay, that could be of the order

of milliseconds [31] to 10s of microseconds [74]. As a result, these switches are

unsuitable for carrying low latency traffic or traffic patterns that change un-

predictably and at a very fine granularity, all of which are the case with the

datacenter traffic [36]. As a result, prior designs [31, 74] have to rely on a hy-

brid network, comprising a circuit-switched fabric carrying the stable bulk traffic
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and a separate packet-switched fabric carrying the unpredictable low latency

traffic. Unfortunately, such a design has several known challenges, including

complexity of managing two separate networks, the challenge of precisely di-

viding the host bandwidth between the two networks (which would depend

upon what fraction of the traffic is low latency and what fraction is bulk, some-

thing that is a function of the current workload and keeps changing over time),

and the challenge of recognizing in the first place what traffic constitutes low

latency and what traffic constitutes bulk traffic. Further, by relying on a packet-

switched network, the hybrid network is fundamentally limited by the scaling

limitations of packet switches (Section 1.3.2). Ideally, we would want an entirely

circuit-switched fabric that could efficiently support any arbitrary traffic.

Fortunately, recent advances in the circuit switching technology means that

we now have electrical circuit switches commercially available [167], and optical

circuit switches available as research prototypes [97, 27, 106, 55, 22, 29, 183, 63],

that could reconfigure within nanoseconds. Hence for these switches, the data

plane is no longer the bottleneck to supporting unpredictable low latency traffic,

and in fact, the bottleneck has shifted to the control plane.

Traditional control planes for circuit-switched networks typically comprise

a centralized controller that takes in the current traffic pattern as input and

runs some optimization algorithm to figure out the right set of circuits to sched-

ule [31]. While such a design was not a bottleneck for slow reconfigurable cir-

cuit switches, unfortunately it is too slow for fast reconfigurable circuit switches,

completely neutralizing the advantage of having a fast data plane.

Thus overall, one can potentially use fast circuit switches to build high-speed

switching fabrics that could support arbitrary traffic with high-performance at
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low power and low cost. However, to realize this promise, one needs a fast and

high-performance control plane for circuit-switched networks.

To that end, this dissertation investigates the following research question —

Research Question # 1.2 How to design a control plane for circuit switching that can

schedule high-performing circuit configurations at nanosecond granularity?

1.5.3 Thesis for High-speed Networking in the Post-Moore Era

The central thesis in this dissertation is that by effectively leveraging the

promise of domain-specific processing and fast circuit switching, one can in-

deed build efficient high-speed network stacks and switching fabrics even in

light of continued slowdown in Moore’s law and the end of Dennard scaling.

The challenge with domain-specific processing is in designing an architec-

ture that achieves the right balance between programmability and performance

(Section 1.5.1). This dissertation focuses specifically on a domain-specific pro-

cessor for packet scheduling. Packet scheduling algorithms assign packets a

time and a rank to decide when packets become eligible for scheduling and in

what order to schedule eligible packets. The thesis in this dissertation is that

a processor that simply schedules the ”smallest ranked eligible packet” at any

given time, is sufficient to program a wide-range of packet scheduling algo-

rithms. Further, by leveraging hardware-level parallelism and indirection tech-

niques, one can also design a fast and scalable architecture for such a processor.

The challenge with fast circuit switching is in designing a control plane that

is both fast and high-performance, since the traditional dynamic, traffic-aware
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centralized solutions are too slow (Section 1.5.2). The thesis in this dissertation

is that it is not necessary to have a dynamic, traffic-aware centralized control

plane to achieve high performance, and in fact, by carefully choosing a static,

pre-defined schedule for circuit scheduling, it is possible to build a fully de-

centralized, traffic-agnostic control plane that can schedule high-performing cir-

cuit configurations at nanosecond granularity.

1.6 Contributions

In this section, we summarize the key contributions of this dissertation that val-

idate the thesis proposed in Section 1.5.3.

1.6.1 Fast Domain-specific Processor for Packet Scheduling

Packet scheduling is one of the most fundamental network stack operations.

Packet scheduling algorithms assign packets a time and a rank to decide when

packets become eligible for scheduling and in what order to schedule eligible

packets onto the wire. Unfortunately, state-of-the-art packet schedulers either

compromise on programmability or on performance (either speed or scalabil-

ity). In PIEO (Chapter 2), we designed and implemented a domain-specific

processor for packet scheduling that is simultaneously programmable, scalable,

and high-speed. For programmability, we introduced a new primitive called

Push-In-Extract-Out (PIEO) that can express a wide-range of packet scheduling

algorithms by always scheduling the ”smallest ranked eligible packet”. In fact,

we show that PIEO primitive is more expressive than any state-of-the-art packet
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scheduling primitive. Unfortunately, while being expressive, designing an ef-

ficient hardware implementation of PIEO is challenging, as it requires main-

taining a fully ordered list. Implementing an ordered list in hardware presents

a fundamental trade-off between time complexity and hardware resource con-

sumption, which translates into a fundamental trade-off between performance

and scalability. To keep up with increasing link speeds, scheduling decisions

ideally need to be made in O(1) time, but the best know implementation of an

O(1)-time ordered list requires O(N) flip-flops and comparators (where N is the

list size), which greatly limits the scalability of the design. In PIEO, we improve

the O(N) bound on resource consumption for an O(1)-time ordered list by an

order of complexity to O(
√

N). The result being that PIEO can make scheduling

decisions in O(1) time (up to 300× faster than a single CPU core), while also

scaling to 10s of thousands of flows (>30× more scalable than state-of-the-art).

Looking further, PIEO’s design is more general than merely a packet sched-

uler. In essence, PIEO presents the design of a scalable O(1)-time ordered list in

hardware. This can be leveraged for high-performance implementations of sev-

eral key datastructures in hardware, including priority queues [134], key-value

stores [128], and balanced search trees [136]. Many applications use one or more

of these datastructures, and hence as more applications are offloaded to hard-

ware for higher performance in the Post-Moore era, PIEO can serve as a basic

building block for those applications, packet scheduling being one of them.

1.6.2 Fast Circuit-switched Switching Fabric

In Shoal (Chapter 3), we present the design and implementation of a circuit-

switched network comprising entirely of fast (nanosecond) reconfigurable cir-
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cuit switches. The key contribution here is the design and implementation

of a control plane for the circuit-switched network that could schedule high-

performing circuit configurations at nanosecond granularity. At the core of

the design is a new primitive for circuit scheduling that comprises a static,

pre-defined schedule to determine what circuits to set-up at any given time. By

precluding any dynamic traffic-aware decision-making for circuit scheduling,

the design ensures that circuits can be scheduled at nanosecond granularity to

match the data plane reconfiguration speed. Further, we show that by appro-

priately configuring the static schedule, one can also extract very high network

performance. More specifically, different configurations of the static schedule

creates a different virtual network topology, and in Shoal, we configure the

schedule to create a virtual full mesh topology. Next, we leverage the well-known

Valiant Load Balancing (VLB) [171] to route data on top of the virtual full mesh

topology that guarantees bounded worst-case network throughput. Unfortu-

nately, such a routing scheme, while bounding the worst-case throughput, could

result in congestion at the intermediate hop for certain traffic patterns. To that

end, we propose a novel congestion control algorithm, that leverages the static

schedule to provide bounded worst-case queuing and fair share of bandwidth

for arbitrary traffic. Further, the entire design of Shoal’s control plane is agnostic

to the underlying circuit-switching technology, and could work with electrical,

optical, or wireless technologies alike.

Overall, we demonstrate that Shoal can effectively scale to high switching

speeds while achieving comparable or better performance (in terms of both

throughput and latency) than several recent packet-switched network designs

at significantly lower power and cost.
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Figure 1.9: A DE5-Net board with Stratix V FPGA.

1.7 Evaluation Methodology

The systems presented in this dissertation propose fundamental changes to the

networking hardware, that includes both the switches and the end-host Net-

work Interface Cards (NICs). Hence, to evaluate these systems, we design and

implement custom switches and NICs on top of Field-programmable Gate Ar-

rays (FPGAs). In addition, this dissertation also proposes novel network proto-

cols and algorithms to run on top of our custom hardware. To evaluate them,

we use a small-scale network prototype built using our FPGA-based switches

and NICs, and complement it with a packet-level network simulator for large-

scale evaluations. Below we provide an overview of the hardware, prototype,

simulator, and workloads used to evaluate the systems in this dissertation. The

detailed evaluations can be found in Chapter 2 and Chapter 3.

Hardware. We use DE5-Net boards (Figure 1.9) from Terasic [113] to imple-

ment our custom hardware. A DE5-Net board is an FPGA development board

with an Altera Stratix V FPGA [154] comprising 234 K Adaptive Logic Modules
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(ALMs), 52 MBits SRAM, and four 10 Gbps ports for a total of 40 Gbps interface

bandwidth. The code is written in System Verilog [139] and Bluespec System

Verilog [118]. We synthesize our design using Quartus Prime software [155].

The DE5 boards are plugged into Peripheral Component Interconnect Ex-

press (PCIe) Gen 3.0 slots in a PCIe expansion system (Figure 1.10). The PCIe ex-

pansion system is a 4U × 24” deep × 19” box from One Stop Systems (OSS) [160],

comprising 16 PCIe Gen 3.0 ×8 electrical, ×16 mechanical expansion slots using

two OSS-452 backplanes, two 1200 W power supplies, two OSS-HIB38-×16 host

and two target interface boards, and two 1 m PCIe cables.

Finally, the PCIe expansion system is connected to a Dell T720 server using

the two PCIe cables. The server comprises a dual socket, 2.93 GHz six core Xeon

X5670 processor with 12 MB of shared Level 3 (L3) cache, 12 GB of DRAM (6 GB

connected to each of the two CPU sockets), 4 PCIe ×8 slots, 1 PCIe Gen 2.0 ×4

slot, and 1 PCIe Gen 2.0 ×16 slot.

The network interface of DE5 boards are connected using Myricom

10 G Small Form-factor Pluggable (SFP+) transceiver modules with Ethernet

10GBase-SR type [150] and 2 m full duplex singlemode fiber cables [151].

Small-scale network prototype. For evaluation, we build a small-scale net-

work comprising eight end-host NICs and six switches using our FPGA-based

switches and NICs (Figure 1.10). Two FPGAs are used to implement eight NICs,

one per port. Six FPGAs implement six 4-port switches. The switches are con-

nected in a two-tier Fattree topology with full bisection bandwidth.

Large-scale network simulations. For large-scale network evaluations, we

complement our small-scale prototype with a packet-level network simulator
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Figure 1.10: Small-scale network for evaluation comprising 8 end-host NICs
and 6 switches connected in a two-tier Fattree topology with full bisection band-
width (also known as leaf-spine topology) connected inside the PCIe expansion
system.

written in C. Before running any large-scale simulations, we first cross-validate

our simulator with our prototype by running our prototype experiments on the

simulator (configured with the same parameters as the prototype) and ensuring

that the results match. This gives us confidence in our simulation results. All

the system-specific simulation parameters are guided by our prototype.

Workloads. We use a variety of workloads to evaluate our systems. These in-

clude a set of custom workloads, used primarily to microbenchmark our sys-

tems, followed by more realistic workloads modeled after published datacenter

traces [2, 36]. For the sake of robustness, we also evaluate our systems against

workloads derived from the emerging disaggregated workload traces [34].
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1.8 Source Code Availability

Source code for the systems presented in this dissertation is available online at:

PIEO (Chapter 2): https://github.com/vishal1303/PIEO-Scheduler

Shoal (Chapter 3): https://github.com/vishal1303/Shoal

• For PIEO, the source code consists of the hardware implementation of

PIEO primitive written in System Verilog [139]. The code was synthesized

on an Altera Stratix V FPGA [154].

• For Shoal, the source code consists of the hardware implementation of

Shoal switch and NIC written in Bluespec System Verilog [118]. The code

was synthesized on an Altera Stratix V FPGA [154]. The source code also

contains a custom packet-level network simulator written in C.

1.9 Organization

The rest of this dissertation is organized as follows. In Chapter 2, we describe

PIEO, a domain-specific processor for high-speed packet scheduling. In Chap-

ter 3, we describe Shoal, a fast circuit-switched switching fabric for datacenters.

We survey the related work in Chapter 4, which is followed by future work in

Chapter 5. We finally conclude in Chapter 6.
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CHAPTER 2

FAST DOMAIN-SPECIFIC PROCESSOR FOR PACKET SCHEDULING :

PIEO

In this chapter, we describe the design and implementation of a domain-specific

processor of packet scheduling that is programmable, scalable, and high-speed.

2.1 Overview

A packet scheduler enforces a scheduling algorithm or a scheduling policy

which specifies when and in what order to transmit packets on the wire. Imple-

menting a packet scheduler in software gives one the flexibility to quickly exper-

iment with and adopt new scheduling algorithms and policies. However, this

flexibility comes at the cost of burning CPU cycles which could have otherwise

been used for running applications. In public cloud networks, this translates to

loss in revenue [33], as the CPU overhead of packet scheduling [88] takes away

from the processing power available to customer VMs. Unfortunately, this issue

is only getting worse [5] with the growing mismatch between increase in link

speeds and slowdown in the scaling of CPU speeds.

Next, with increasing link speeds, the time budget to make scheduling deci-

sions is also getting smaller, e.g., at 100 Gbps link speeds, to enforce a scheduling

policy at Maximum Transmission Unit (MTU) granularity, a scheduling decision

needs to be made every 120 ns. To put this in perspective, a single DRAM access

takes about a 100 ns. Further, new transport protocols, such as Fastpass [83],

QJump [37], and Ethernet TDMA [173], as well as recently proposed circuit-
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switched designs [101, 66, 174, 74], and protocols that rely on very accurate

packet pacing [3, 48], require packets to be transmitted at precise times on the

wire, in some cases at nanosecond precision [101]. Meeting these requirements

in software is challenging [88, 71, 77, 3, 101], mainly due to non-deterministic

software processing jitter, and lack of high resolution software timers.

A domain-specific processor for packet scheduling, implemented in hard-

ware such as a Network Interface Card (NIC), can potentially overcome the

limitations of software packet schedulers [88]. However, to retain the flexibil-

ity of software packet schedulers, packet scheduler in the hardware must be

programmable. Further, multi-tenant cloud networks rely heavily on virtual-

ization, with hundreds of VMs or light-weight containers running on the same

physical machine. This can result in tens of thousands of traffic classes or flows

per end-host [92, 88]. Hence, the packet scheduler must also be scalable.

State-of-the-art packet schedulers in hardware are based on one of the two

scheduling primitives—(i) First-In-First-Out (FIFO), which simply schedules el-

ements in the order of their arrival, and (ii) Push-In-First-Out (PIFO) [104],

which provides a priority queue abstraction, by maintaining an ordered list of

elements (based on a programmable rank function) and always scheduling from

the head of the ordered list (”smallest ranked” element). Unfortunately, packet

schedulers based on these primitives either compromise on scalability (PIFO-

based schedulers), or the ability to express a wide-range of packet scheduling

algorithms (FIFO-based schedulers). Further, even a general scheduling primi-

tive like PIFO is not expressive enough to express certain key classes of packet

scheduling algorithms (Section 2.2.3). Hence in this dissertation, we propose a

new programmable packet scheduler in hardware, which is fast, scalable, and
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more expressive than state-of-the-art.

To design a programmable packet scheduler, we use the insight that most

packet scheduling algorithms have to make two key decisions in the process of

scheduling: (i) when an element (packet/flow) becomes eligible for scheduling

(decided by some programmable predicate as a function of time), and (ii) in what

order to schedule amongst the set of eligible elements (decided by some pro-

grammable rank function). To that end, at any given time, packet scheduling

algorithms first filter the set of elements eligible for scheduling at the time (us-

ing the predicate function), and then schedule the smallest ranked element from

that set (Section 2.2.2, 2.2.3, 2.4). Hence, most packet scheduling algorithms can

be abstracted as the following scheduling policy—At any given time, schedule

the ”smallest ranked eligible” element.

Next, to realize the policy of scheduling the ”smallest ranked eligible” ele-

ment, one needs a primitive that provides abstractions for: (i) predicate-based

filtering, and (ii) selecting the smallest element within an arbitrary subset of el-

ements. Unfortunately, state-of-the-art priority queue-based primitives such as

PIFO do not provide these abstractions. Hence in this dissertation, we propose

a new scheduling primitive called Push-In-Extract-Out (PIEO) (Section 2.3.1),

which can be seen as a generalization of the PIFO primitive. PIEO associates

with each element a rank and an eligibility predicate, both of which can be pro-

grammed based on the choice of the scheduling algorithm. Next, PIEO main-

tains an ordered list of elements in the increasing order of rank, by always en-

queuing elements at the appropriate position in the list based on the element’s

rank (”Push-In” primitive). And finally, for scheduling, PIEO first filters out

the subset of elements from the ordered list whose eligibility predicates are true
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at the time, and then dequeues the element at the smallest index in that subset

(”Extract-Out” primitive). Hence, PIEO always schedules the ”smallest ranked

eligible” element. Further, we use the insight that for most packet scheduling

algorithms, the time an element becomes eligible for scheduling (teligible) can be

calculated at enqueue into the ordered list, and the eligibility predicate evalu-

ation for filtering at dequeue usually reduces to (tcurrent ≥ teligible). Here t could

be any monotonic increasing function of time. This insight enables a very ef-

ficient hardware implementation of the PIEO scheduler (Section 2.5). Finally,

we present a programming framework for the PIEO scheduler (Section 2.3.2),

using which we show that one can express a wide-range of packet scheduling

algorithms (Section 2.4).

PIEO primitive maintains an ordered list of elements (”Push-In”), atop

which filtering and smallest rank selection happens at dequeue (”Extract-Out”).

However, implementing both a fast and scalable ordered list in the hardware

is challenging, as it presents a fundamental trade-off between time complexity

and hardware resource consumption. E.g., using O(1) comparators and flip-

flops, one would need O(N) time to enqueue an element in an ordered list of

size N, assuming the list is stored as an array1 in memory. On the flip side, to

enqueue in O(1) time, designs such as PIFO [104] exploit the massive parallelism

in hardware by storing the entire list in flip-flops and associating a comparator

with each element in the list following the classic parallel compare-and-shift ar-

chitecture [78], thus requiring O(N) flip-flops and comparators, which limits the

scalability of such a design [104]. In this dissertation, we present a hardware

design (Section 2.5) of an ordered list for the PIEO scheduler which is both fast

and scalable. In particular, our design executes both ”Push-In” and ”Extract-

1Linked list implementation also has time complexity of O(N). Probabilistic datastructures
such as skip lists have avg time complexity of O(log(N)), and worst-case complexity of O(N).
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Out” primitive operations in O(1) time (four clock cycles), while requiring only

O(
√

N) flip-flops and comparators, while the ordered list sits entirely in SRAM.

To demonstrate the feasibility of our hardware design of the PIEO sched-

uler, we prototype it on an FPGA (Section 2.6.1). Our prototype executes each

primitive operation in few tens of nanoseconds (up to 20× faster than a single

CPU core) (Section 2.6.2), while also scales to tens of thousands of flows (over

30× more scalable than PIFO) (Section 2.6.3). Further, an ASIC-based imple-

mentation of our design is expected to execute each primitive operation in just

a few nanoseconds (Section 2.6.2), making it up to 300× faster than a single CPU

core. To further evaluate the performance of our prototype, we program it with

a two-level hierarchical scheduling algorithm implementing rate limit and fair

queue policies. We show that our prototype could very accurately enforce these

policies atop FPGAs with 40 Gbps interface bandwidth (Section 2.6.4).

Finally, we discuss the applicability of PIEO beyond packet scheduling. We

show that PIEO’s design can be readily used to implement key datastructures,

such as priority queues and key-value stores, with an O(1) run time complexity

while also being scalable (Section 2.7). Overall, PIEO can serve as a key basic

building block for hardware-accelerated applications in the Post-Moore era.

2.2 Background

In this section, we provide the relevant background on packet scheduling. We

start by describing the packet scheduling model assumed in this dissertation,

followed by a survey and analysis of the known scheduling algorithms, and

conclude by discussing the state-of-the-art packet scheduling primitives.
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Figure 2.1: A generic packet scheduling model.

2.2.1 Packet Scheduling Model

Figure 2.1 shows the packet scheduling model assumed in this dissertation.

Packets ready to be scheduled for transmission are stored in one of the flow

queues or traffic classes2. Packets within each flow queue are scheduled in FIFO

order, whereas packets across queues are scheduled according to some cus-

tom packet scheduling algorithm or policy, which specifies when and in what or-

der packets from each queue should be transmitted on the wire. To facilitate

scheduling, a custom scheduling state is maintained in memory. Typically, this

state could also be accessed and configured by the control plane. And finally,

a packet scheduler is used to express and enforce the chosen scheduling algo-

rithm/policy. The focus of this dissertation is to design an efficient packet

scheduler in hardware, which could be programmed to express a wide-range

of packet scheduling algorithms/policies, in a fast and scalable manner.

2We use flow queues and traffic classes interchangeably.
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2.2.2 Packet Scheduling Algorithms

Most packet scheduling algorithms can be abstracted as the following schedul-

ing policy: Assign each element (packet/flow) an eligibility predicate and a rank.

Whenever the link is idle, among all elements whose predicates are true, schedule the

one with the smallest rank.

The predicate determines when an element becomes eligible for scheduling,

while rank decides in what order to schedule amongst the eligible elements.

By appropriately choosing the predicate and rank functions, one can express

a wide-range of packet scheduling algorithms (Section 2.4). Further, packet

scheduling algorithms can be broadly classified into two key classes:

Work-conserving algorithms. This class of packet scheduling algorithms en-

sure that the network link is never idle as long as there are outstanding packets

to send. Hence, in these algorithms, the eligibility predicate of at least one active

element is always true, and whenever the link is idle, the next eligible element

in the order of rank is scheduled. Examples of work-conserving packet schedul-

ing algorithms include Deficit Round Robin (DDR) [98], Weighted Fair Queuing

(WFQ) [26], Worst-case Fair Weighted Fair Queuing (WF2Q) [11], and Stochastic

Fairness Queuing (SFQ) [72].

Non-work conserving algorithms. Under this class of packet scheduling algo-

rithms, the network link can be idle even when there are outstanding packets to

send, i.e., the eligibility predicate associated with each active element could all

be false at the same time. Non-work conserving packet scheduling algorithms

generally specify the time to schedule an element, and the eligibility predicate

for an element p generally takes the form (tcurrent ≥ p.teligible). Non-work conserv-

36



ing algorithms are naturally suited to express traffic shaping primitives such as

rate limiting and packet pacing [88, 92]. A classic example of a non-work con-

serving packet scheduling algorithm is Token Bucket [140].

2.2.3 Packet Scheduling Primitives

First-In-First-Out (FIFO). FIFO is the most basic scheduling primitive, which

simply schedules elements in the order of their arrival. As a result, FIFO prim-

itive is not able to express a wide-range of packet scheduling algorithms. And

yet, FIFO-based schedulers are the most common packet schedulers in hard-

ware, as their simplicity enables both fast and scalable scheduling.

Push-In-First-Out (PIFO) [104]. PIFO primitive assigns each element a pro-

grammable rank value, and at any given time, schedules the ”smallest ranked”

element. To realize this abstraction, PIFO maintains an ordered list of elements

in the increasing order of rank, and supports two primitive operations atop the

ordered list—(i) enqueue(f), which inserts an element f into the ordered list, at

the position dictated by f ’s rank, and (ii) dequeue(), which extracts the element

at the head of the ordered list.

Limitations of PIFO. PIFO fundamentally provides the abstraction of a pri-

ority queue, which at any given time, schedules the ”smallest ranked” element

in the entire list. [104] shows that this simple abstraction can express a wide-

range of scheduling algorithms which either specify when or specify in what

order to schedule each element. However, PIFO’s abstraction is not sufficient

to express a more general class of scheduling algorithms/policies which specify

both when and in what order to schedule each element — This class of algo-
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Figure 2.2: (a) WF2Q+ algorithm [11]. L is the length of packet at the head of
flow queue, r is the rate for flow f , x is the transmission length of current packet
being transmitted, and F is the set of back-logged flows. (b) Packets at the head
of six different flows in the example system, where packets can be of different
sizes (transmission length). We also show start and finish times for each packet.
(c) Scheduling order in an ideal run of WF2Q+. (d) and (e) scheduling orders
when running WF2Q+ using PIFO.

rithms/policies schedule the smallest ranked element, but only from the set of

elements that are eligible for scheduling at the time, which, in principle, could

be any arbitrary subset of active elements3. Hence, they invariably require a

3PIFO could express a special case of such algorithms, where the smallest ranked element in
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primitive that supports dynamically filtering a subset of elements at dequeue

and then return the smallest ranked element from that subset, something that

PIFO primitive does not support. Such complex packet scheduling policies are

becoming more common in multi-tenant cloud networks [105], and a classic

example of one such algorithm is the Worst-case Fair Weighted Fair Queuing

(WF2Q) [12]. WF2Q is the most accurate packet fair queuing algorithm known,

making it an ideal choice for implementing fair queue scheduling policies. Fur-

ther, non-work conserving version of WF2Q can very accurately implement

shaping primitives such as rate limiting [88].

WF2Q+4 (Figure 2.2(a)) tries to schedule a packet whenever the link is idle,

which could be at any arbitrary discrete time t. However, challenge with WF2Q+

is that the eligibility predicate of any arbitrary subset of elements can become

true at t, as shown in Figure 2.2(c), and hence scheduling the smallest ranked el-

igible element at time t becomes challenging. In Figure 2.2(d) and (e), we try to

express WF2Q+ using PIFO. First, we try using a single PIFO (Figure 2.2(d)). It

is easy to see that this is not sufficient—if we order the PIFO by increasing finish

times, it results in wrong scheduling order if some arbitrary element becomes

eligible before the element at the head, and if we order the PIFO by increasing

start times, the right scheduling order could still be violated if multiple elements

become eligible at the same time, and the element with the smallest finish time

is not at the head of the PIFO. A more promising approach is to use two PIFOs,

ordered by increasing start and finish times respectively, and move elements

between the two PIFOs as and when the elements become eligible, as demon-

strated in Figure 2.2(e). However, this approach is also not sufficient, precisely

because an arbitrary number of elements can become eligible at any given time,

the entire list is always eligible at dequeue.
4WF2Q+ [11] is the implementation-friendly version of WF2Q [26].
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e.g., in Figure 2.2, C,D,E, and F all become eligible at t = 5, and ideally C should

have been scheduled as C has the smallest finish time amongst the eligible el-

ements. But since the eligibility PIFO is ordered by increasing start time, D is

released to rank PIFO before C, resulting in the wrong scheduling order. In

general, O(N) elements (N is PIFO size) could become eligible at any given time,

which in the worst-case could result in O(N) deviation from the ideal scheduling

order for an element.

Further, PIFO primitive does not allow dynamically updating the attributes

(such as rank) of an arbitrary element in the ordered list, as required by cer-

tain scheduling algorithms, e.g., updating the priority of an element based on

it’s age to avoid starvation in a strict priority-based scheduling algorithm (Sec-

tion 2.4.4).

Finally, the hardware design of the ordered list used to implement the PIFO

primitive achieves very limited scalability ([104], 2.10a). Hence, PIFO scheduler

is also not scalable. In principle, one could use approximate datastructures, such

as a multi-priority fifo queue [47], a calendar queue [17], a timing wheel [172],

or a multi-level feedback queue [8], to implement an approximate version of the

PIFO primitive. These datastructures could approximate the behavior of a prior-

ity queue or an ordered list in a fast and scalable manner by using multiple FIFO

queues. However, by design, they could only express approximate versions of

key packet scheduling algorithms [95, 8], invariably resulting in weaker perfor-

mance guarantees [181]. Further, these datastructures also tend to have several

performance-critical configuration parameters, e.g., number of priority levels in

a multi-priority fifo queue, or size and number of buckets in a calendar queue,

which are not trivial to fine-tune.
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Universal Packet Scheduling (UPS) [76]. In the same vein as PIFO, which tries

to propose a general packet scheduling primitive, UPS tries to propose a single

scheduling algorithm that can emulate all other packet scheduling algorithms.

While [76] proves that no such algorithm exists, it also shows that the classical

Least Slack Time First (LSTF) [130] algorithm comes close to being universal.

However, just like PIFO, LSTF also uses a priority queue abstraction at it’s core,

as it always schedules the ”smallest slack first”, just as PIFO would schedule

the ”smallest rank first”. As a result, LSTF has the same limitations as PIFO

discussed above.

2.3 Design

In this section, we describe the PIEO primitive (Section 2.3.1) and present a pro-

gramming framework to program the PIEO scheduler (Section 2.3.2).

2.3.1 Push-In-Extract-Out (PIEO) Primitive

PIEO primitive assigns each element an eligibility predicate and a rank, both of

which can be programmed based on the choice of the scheduling algorithm, and

at any given time, it schedules the ”smallest ranked eligible” element. To realize

this abstraction, PIEO maintains an ordered list of elements in the increasing

order of rank, and supports three primitive operations atop the ordered list:

1. enqueue(f): This operation inserts an element f into the ordered list, at

the position dictated by f ’s rank. This realizes the ”Push-In” primitive.
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2. dequeue(): This operation first filters out a subset of elements from the

ordered list whose eligibility predicates are true at the time, and then de-

queues the element at the smallest index in that subset. Hence, this oper-

ation always dequeues the ”smallest ranked eligible” element. If there are

multiple eligible elements with the same smallest rank value, then the ele-

ment which was enqueued first is dequeued. If no eligible element exists,

NULL is returned. This realizes the ”Extract-Out” primitive.

3. dequeue(f): This operation dequeues a specific element f from the or-

dered list. If f does not exist, NULL is returned.

While the enqueue(f) and dequeue() operations are sufficient to schedule ele-

ments according to the PIEO primitive, the additional dequeue(f) operation pro-

vides an added flexibility to asynchronously extract a specific element from the

list, to say, dynamically update the scheduling attributes (such as rank) of the

element (and then re-enqueue using enqueue(f)), as illustrated in Section 2.4.4.

Limitations on complexity of predicate function. PIEO primitive associates a

custom predicate with each element, which is evaluated at dequeue to filter a

subset of elements. However, the complexity of predicate function is limited by

the practical constraints of a fast and scalable packet scheduler. In particular,

we want each primitive operation to execute in as few clock cycles as possible

to keep up with increasing link speeds, while encode the predicate in as few

bits as possible for scalability. Fortunately, for most packet scheduling algo-

rithms, the predicate usually takes the form (tcurrent ≥ teligible), where t could be

any monotonic increasing function of time, and teligible is when the element be-

comes eligible for scheduling and can be calculated at enqueue into the ordered

list (Section 2.4). This allows for a fast and parallel evaluation of predicates at
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Figure 2.3: PIEO programming framework.

dequeue. Further, one only needs to encode teligible for each element as the predi-

cate, thus also ensuring a small storage footprint, important for scalability. One

can potentially use PIEO primitive with more complex predicate functions for

problems where constraints on time and memory are more relaxed.

2.3.2 PIEO Programming Framework

In this section, we describe a framework to program the PIEO scheduler. PIEO

scheduler operates on a set of flow queues. Each packet is stored in one of the

flow queues, and that the packets within each flow are scheduled in a FIFO order,

as discussed in Section 2.2.1. Hence, each element in the ordered list refers to

a flow, and scheduling a flow f results in the transmission of the packet at the

head of flow queue f .

The programming framework for PIEO scheduler is shown in Figure 2.3.

PIEO scheduler comprises an ordered list datastructure that implements the

PIEO primitive (Section 2.3.1), and can be programmed through the rank and

predicate attributes assigned to each element.
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Programming functions. In this section, we describe three generic types of

functions that the programmers can implement to program the PIEO scheduler.

We also describe the default behavior of each function, which the programmers

can then extend based on the choice of the scheduling algorithm they intend to

program. All the state needed for scheduling can be stored as either per flow

or global state, and should be accessible by both the control plane and the pro-

gramming functions. The control plane can use the memory to store control

states, e.g., per-flow rate limit value or QoS priority, while the programming

functions can use the memory to store algorithm-specific state, e.g., virtual fin-

ish time in WFQ [26].

Pre-Enqueue and Post-Dequeue functions. Pre-Enqueue function takes as

argument the flow f to be enqueued into the ordered list, and at the very mini-

mum, assigns f a rank and a predicate as dictated by the choice of the scheduling

algorithm being programmed. Note that while the predicate is assigned during

enqueue into the list, it is only evaluated during the process of dequeue.

Post-Dequeue function takes as argument a flow f dequeued from the or-

dered list, and at the very minimum, transmits the packet at the head of flow

queue f and re-enqueues f back into the ordered list if f ’s queue is not empty

after current packet transmission.

While the Post-Dequeue function is always triggered after each dequeue() op-

eration on the ordered list, the Pre-Enqueue function can be triggered in two

different ways, depending upon whether it is triggered on a packet enqueue

into the flow queue (Input-triggered model), or on a packet dequeue from the

flow queue (Output-triggered model). We describe the two models in more de-

tail below:
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1. Input-triggered model: In this model, the Pre-Enqueue function is trig-

gered whenever a packet is enqueued into a flow queue. The behavior of the

default implementation of Pre-Enqueue and Post-Dequeue functions under this

model is shown below.

pre-enqueue-func(flow f): { # default

f.curr pkt.rank = 1

f.curr pkt.predicate = True

if (pkt enqueue into an empty f.queue):

ordered list.enqueue(f)

}

post-dequeue-func(flow f): { # default

send(f.queue.head)

if (f.queue not empty):

f.rank = f.queue.head.rank

f.predicate = f.queue.head.predicate

ordered list.enqueue(f)

}

2. Output-triggered model: In this model, the Pre-Enqueue function is trig-

gered whenever a packet is dequeued from a flow queue, or a packet is en-

queued into an empty flow queue. The behavior of the default implementation

of Pre-Enqueue and Post-Dequeue functions under this model is shown below.

pre-enqueue-func(flow f): { # default

f.rank = 1

f.predicate = True

ordered list.enqueue(f)

}
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post-dequeue-func(flow f): { # default

send(f.queue.head)

if (f.queue not empty):

pre-enqueue-func(f)

}

Programmers have the flexibility to choose between the two models. The trade-

off is that while the output-triggered model can provide more precise guaran-

tees for certain shaping policies [104], it also puts the Pre-Enqueue function on

the critical path of scheduling, which means the complexity of rank and predi-

cate calculations would affect the overall scheduling rate.

Alarm function and handler. The ability to asynchronously enqueue and

dequeue specific elements to/from the ordered list using the enqueue(f) and de-

queue(f) operations gives programmers the ability to define custom events which

could trigger a custom alarm function that can asynchronously enqueue or de-

queue a particular flow in or out of the ordered list. Programmers can also

define a custom alarm handler function to operate upon the dequeued flow. By

default, these functions are disabled in PIEO.

async event e = NULL # default

alarm-func(async event e): {} # default

alarm-handler(flow f): {} # default

Implementing programming functions. While we present a programming

framework for the PIEO scheduler, the dissertation does not focus on a spe-

cific programming language to implement the programming functions, that are

in turn used to program the PIEO scheduler. This would depend upon the un-
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derlying architecture of the hardware device. E.g., for FPGA devices, one could

use languages such as System Verilog [139], Bluespec [118], or OpenCL [132] to

implement the programming functions. In our FPGA prototype, we use Sys-

tem Verilog to implement the programming functions (Section 2.6.4). For ASIC

hardware devices with RMT [16] architecture, one could potentially adapt one

of the domain-specific languages for programmable switches such as P4 [15] or

Domino [103] (used to program the PIFO scheduler). We leave the exploration

of new domain-specific languages (and compilers) for new programmable hard-

ware architectures on top of which one might implement the PIEO scheduler as

an avenue for future work.

2.4 The Expressiveness of PIEO

In this section, we use the PIEO primitive and the programming framework

described in Section 2.3 to express a wide-range of packet scheduling algo-

rithms. Without loss of generality, the pseudo code for the programming func-

tions presented in this section assumes the output-triggered model described in

Section 2.3.2.

2.4.1 Work-conserving Algorithms

Deficit Round Robin (DRR) [98]. DRR schedules flows in a round-robin fash-

ion. DRR is a credit-based algorithm, where once a flow is scheduled, DRR

keeps transmitting packets from that flow until the flow runs out of credit

(f.deficit counter).
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post-dequeue-func(flow f): {

f.deficit counter += f.quanta

while (f.queue not empty

& f.deficit counter ≥ size(f.queue.head)):

f.deficit counter -= size(f.queue.head)

send(f.queue.head)

if (f.queue empty): f.deficit counter = 0

else: pre-enqueue-func(f)

}

other functions: default as described in Section 2.3.2

Weighted Fair Queuing (WFQ) [26]. WFQ calculates a virtual finish time for

each packet in a flow, and at any given time, schedules the flow whose head

packet has the smallest finish time value.

pre-enqueue-func(flow f): {

r = Link Rate / f.weight # rate for flow f

f.finish time = max(f.finish time, virtual time)

+ (size(f.queue.head) / r)

f.rank = f.finish time

f.predicate = True

ordered list.enqueue(f)

}

post-dequeue-func(flow f): {

virtual time += (size(f.queue.head) / Link Rate)

rest is default as described in Section 2.3.2

}

other functions: default as described in Section 2.3.2
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Worst-case Fair Weighted Fair Queuing (WF2Q+) [11]. WF2Q+ calculates a vir-

tual start and finish time for each packet in a flow, and at any given time, sched-

ules the flow whose head packet has the smallest finish time value amongst all

the flows whose head packet has the start time less than or equal to current vir-

tual time.

pre-enqueue-func(flow f): {

calculate f.start time as in Figure 2.2(a)

calculate f.finish time as in Figure 2.2(a)

f.rank = f.finish time

f.predicate = (virtual time(at deq) ≥ f.start time)

ordered list.enqueue(f)

}

post-dequeue-func(flow f): {

calculate virtual time as in Figure 2.2(a)

rest is default as described in Section 2.3.2

}

other functions: default as described in Section 2.3.2

2.4.2 Non-work conserving Algorithms

Token Bucket (TB) [140]. Token Bucket is a classic non-work conserving al-

gorithm, and is used by several real-world systems for rate limiting the flows.

Each flow is assigned some tokens, based on the target rate for that flow. Token

Bucket schedules packets from eligible flows, i.e., flows with enough tokens, or

else defers the scheduling of the flow to some future time by when the flow has

gathered enough tokens.
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pre-enqueue-func(flow f): {

f.tokens += f.rate * (now - f.last time)

if (f.tokens > f.burst threshold):

f.tokens = f.burst threshold

if (size(f.queue.head) ≤ f.tokens):

send time = now

else:

send time = now + (size(f.queue.head) - f.tokens) / f.rate

f.tokens -= size(f.queue.head)

f.last time = now

f.rank = send time

f.predicate = (wall clock time(at deq) ≥ send time)

ordered list.enqueue(f)

}

other functions: default as described in Section 2.3.2

Rate-controlled Static-Priority Queuing (RCSP) [184]. This class of algorithms

shape the traffic in each flow by assigning an eligibility time to each packet

within the flow, and at any given time, schedules the highest priority flow

amongst all the flows with an eligible packet at the head of the queue.

pre-enqueue-func(flow f): {

send time = f.queue.head.time

f.rank = f.priority

f.predicate = (wall clock time(at deq) ≥ send time)

ordered list.enqueue(f)

}

other functions: default as described in Section 2.3.2
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2.4.3 Hierarchical Scheduling

So far we have only discussed flat scheduling (Figure 2.4). However, in practice,

it is often desirable to group flows into a hierarchy of classes, e.g., a two-level

hierarchy comprising a group of VMs, with a group of flows within each VM. In

this example, the link bandwidth can be shared amongst the VMs using some

scheduling policy, e.g., a rate limit for each VM, while one can use a different

scheduling policy to schedule the flows within each VM, e.g., fair queuing. In

general, we can represent such hierarchies using a tree structure, as shown in
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Figure 2.5, where the leaf nodes represent the flows, while the non-leaf nodes

represent higher-level classes, such as VMs. Unfortunately, since each non-leaf

node can implement it’s own custom scheduling policy to schedule it’s chil-

dren, a single PIEO is not sufficient to express hierarchical scheduling policies.

However, we can support hierarchical scheduling using multiple PIEOs.

We associate each node in the tree (except the root node) with a queue—

for leaf nodes, these are per flow FIFO queues storing the packets, while for

non-leaf nodes, these are logical queues, which are references to the set of child

queues for that node. Next, we associate each non-leaf node with a logical PIEO,

which schedules the node’s children. Since PIEO allows us to filter a subset

of elements from an ordered list using a predicate, all the nodes at the same

level of hierarchy can share the same physical PIEO, which can then be logically

partitioned into a set of logical PIEOs, one for each node at the same level in the

hierarchy, with the size of each logical PIEO equal to number of corresponding

node’s children. Next, each non-leaf node p maintains the start and end indices

of it’s logical PIEO. We use that to extend (AND boolean operation) the existing

eligibility predicate of each of it’s child element, f, with (p.start ≤ f.index ≤ p.end),

thus allowing one to extract the ordered list of elements in p’s logical PIEO (p’s

children) from the physical PIEO.

Enqueue in each level happens independently and is triggered by the same

conditions as for flat scheduling (Section 2.3.2). Dequeue always starts at the

root PIEO, and propagates down to the lower levels in the tree hierarchy. Each

lower level PIEO is associated with a FIFO to store the dequeued ids from the

parent level. Dequeue at a level i is triggered whenever the corresponding FIFO

in not empty. The logical PIEO corresponding to node fifo.head is then extracted,
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and the smallest ranked eligible element in the logical PIEO is dequeued and

put into the FIFO at level i− 1, until we reach the lowest non-leaf level, at which

point the dequeued element (a leaf node representing a flow) is scheduled for

transmission. All this is demonstrated in Figure 2.5.

Finally, to support n−level hierarchical scheduling with arbitrary tree topolo-

gies, we need n physical PIEOs. We map this hierarchy to the hardware as an

array of n independent physical PIEOs with a FIFO as the interface between any

two consecutive PIEOs in the arraylist (Figure 2.5).

2.4.4 Asynchronous Scheduling

Starvation avoidance in strict priority scheduling. A common way to avoid

starvation of lower priority flows in a strict priority-based scheduling algorithm

is to periodically increase the priority of the flow being starved. This is generally

triggered whenever a flow has spent time larger than some threshold without

being scheduled. Assuming flows are ranked by their priority in PIEO, one

can define an alarm function and handler that can asynchronously update the

starving flow’s priority to avoid starvation.

async event e = (curr time - f.age ≥ threshold)

alarm-func(async event e): ordered list.dequeue(f)

alarm-handler(flow f): {

f.age = curr time

f.priority = f.priority - 1

pre-enqueue-func(f)

}
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Scheduling based on asynchronous network feedback. Certain datacenter

protocols such as [177, 165] can result in change of a flow’s rank or eligibil-

ity based on some asynchronous feedback from the network. E.g., in D3 [177],

already scheduled flows can be quenched asynchronously based on the feed-

back received from the network.

async event e = receipt of pause or resume feedback

alarm-func(async event e): {

if (recvd pause feedback for flow f):

f.block = True

ordered list.dequeue(f)

if (recvd resume feedback for flow f):

f.block = False

pre-enqueue-func(f)

}

alarm-handler(flow f): default as described in Section 2.3.2

2.4.5 Priority Scheduling

Several scheduling algorithms assign a priority to each element, and schedule

elements in the order of their priority. Examples include Shortest Job First

(SJF) [137], Shortest Remaining Time First (SRTF) [138], Least Slack Time First

(LSTF) [130], and Earliest Deadline First (EDF) [123]. Such algorithms can be ex-

pressed using a priority queue datastructure. One can easily emulate a priority

queue using PIEO, by setting the rank of each element as equal to it’s priority

value, and setting the eligibility predicate of each element as true.
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2.5 Hardware Architecture

”All problems in computer science can be solved by another level of indirection.”

. — David Wheeler

In this section, we describe the hardware architecture of PIEO scheduler.

2.5.1 Hardware Model

We assume that the target hardware device is equipped with SRAM. Further,

we assume that SRAM is divided into multiple blocks, and each SRAM block

comprises independent access ports. Such a memory layout is very common

in hardware devices, e.g., Stratix V FPGA [154] used in our prototype (Sec-

tion 2.6.1) comprise ∼2500 dual-port SRAM blocks of size 20 KBits each, where

each SRAM block has access latency of one clock cycle.

2.5.2 Architecture and Key Complexity Results

PIEO scheduler comprises an ordered list, that supports three primitive op-

erations (Section 2.3.1)—enqueue(f), dequeue(), and dequeue(f). However, imple-

menting an ordered list in hardware presents a fundamental trade-off between

time complexity and hardware resource consumption. To keep up with the in-

creasing link speeds, we want to execute each primitive operation atop the or-

dered list in O(1) time. However, to achieve this, state-of-the-art designs such

as PIFO [104] require parallel access to each element in the list using the classic

parallel compare-and-shift architecture [78], and hence have to store the entire list
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in flip-flops (as opposed to a more scalable memory technology such as SRAM),

and associate a comparator with each element. Thus, such a design requires

O(N) flip-flops and comparators for a list of size N, and with the slowdown in

transistor scaling, this limits the scalability of such a design.

In this dissertation, we present a design of the ordered list that still executes

primitive operations in O(1) time, but only needs to access and compare O(
√

N)

elements in parallel, while the ordered list sits entirely in SRAM. The key in-

sight we use is to store and access the ordered list using one level of indirection

(Figure 2.6). More specifically, the ordered list is stored as an array (of size 2
√

N)

of sublists in SRAM, where each sublist is of size
√

N elements. Elements within

each sublist are ordered by both increasing rank (Rank-Sublist), and increasing

order of eligibility time (Eligibility-Sublist). We stripe the elements of each sub-

list across O(
√

N) dual-port SRAM blocks, which allows us to access two entire

sublists in one clock cycle. Next, we maintain an array (of size 2
√

N) in flip-flops,

which stores the pointers to the sublists, with sublists in the array ordered by
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increasing value of the smallest rank within each sublist. Thus, by sweeping

across the sublists in the order they appear in the pointer array, one can get the

entire list of elements in the order of increasing rank.

Enqueue and dequeue operations proceed in two steps—First, we figure out

the right sublist to enqueue into or dequeue from, using parallel comparisons

and priority encoding on the pointer array, and then extract the corresponding

sublist from SRAM. Second, we use parallel comparisons and priority encod-

ing on the extracted sublist to figure out the position within the sublist to en-

queue/dequeue the element, and then write back the updated sublist to SRAM.

Thus, with this design, we only require O(
√

N) flip-flops and comparators, un-

like O(N) in PIFO, at the cost of few extra clock cycles to execute each primitive

operation (Section 2.5.3) and 2× SRAM overhead (INVARIANT 1). We evaluate

these trade-offs in Section 2.6.1.

Key Complexity Results.

The key complexity results of our hardware design are summarized below.

• Time complexity. Each PIEO primitive operation (enqueue(f), dequeue(),

and dequeue(f)) executes in exactly 4 clock cycles, regardless of the number

of elements in PIEO.

• Processing resource complexity. PIEO of size N elements requires O(
√

N)

comparators and flip-flops.

• Memory resource complexity. PIEO of size N elements requires O(
√

N)

SRAM blocks and a total of 2N elements worth of SRAM space.
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2.5.3 Implementation

In SRAM, PIEO maintains an array (of size 2
√

N) of sublists, called Sublist-Array.

Each sublist in the array is of size
√

N. Further, each sublist comprises two or-

dered sublists—Rank-Sublist and Eligibility-Sublist. Each element in Rank-Sublist

comprises three attributes:

1. flow id: The flow id of the element.

2. rank: The rank value assigned to the element by the enqueue function.

3. send time: This encodes the eligibility predicate assigned to the element

by the enqueue function. PIEO exploits the fact that most scheduling al-

gorithms use eligibility predicate of the form (curr time ≥ send time) (Sec-

tion 2.4), where send time is the time the element becomes eligible for

scheduling. Thus, the eligibility predicate in PIEO is encoded using a

single send time value for each element. Predicate that is always true is

encoded by assigning send time to 0, and predicate that is always false is

encoded by assigning send time to∞.

The Rank-Sublist is ordered by increasing rank values. Further, corresponding to

each Rank-Sublist, there is an Eligibility-Sublist of the same size, which maintains

a copy of the send time attribute from it’s corresponding Rank-Sublist. Eligibility-

Sublist is ordered by increasing send time values.

In flip-flops, PIEO maintains an array of size 2
√

N, called Ordered-Sublist-

Array, where each entry in the array points to a sublist in the Sublist-Array. More

specifically, each entry in the Ordered-Sublist-Array comprises three attributes:
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1. sublist id: This is the index (pointer) into the Sublist-Array, pointing to

sublist Sublist-Array[sublist id].

2. smallest rank: This is the smallest rank value in the sublist Sublist-

Array[sublist id], i.e., Sublist-Array[sublist id].Rank-Sublist[0].rank.

3. smallest send time: This is the smallest send time value in the sublist

Sublist-Array[sublist id], i.e., Sublist-Array[sublist id].Eligibility-Sublist[0].

4. num: This stores the current number of elements in

Sublist-Array[sublist id].

Ordered-Sublist-Array is ordered by increasing smallest rank value. Further,

Ordered-Sublist-Array is dynamically partitioned into two sections, as shown in

Figure 2.6—the section on the left points to sublists which are not empty, while

the section on the right points to all the currently empty sublists.

By stitching together sublists in the order they appear in the Ordered-Sublist-

Array, one can get the entire list of elements in PIEO. We call this list Global-

Ordered-List. Global-Ordered-List is ordered by increasing rank value. Logically,

enqueue and dequeue operations happen on top of the Global-Ordered-List.

Enqueue(f). The enqueue operation inserts element f into the Global-Ordered-

List. It ensures that after every enqueue operation, the resulting Global-Ordered-

List is ordered by increasing rank value. This is implemented in hardware as

follows:

• Cycle 1: In this cycle, we select the sublist to enqueue f into, using the par-

allel compare operation (Ordered-Sublist-Array[i].smallest rank > f.rank). We

feed the resulting bit-vector into a priority encoder, which outputs index

j. Sublist S pointed by Ordered-Sublist-Array[j-1] is selected for enqueue.
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Figure 2.7: An example enqueue into the PIEO ordered list of size 16 elements
(8 sublists each of size 4).

• Cycle 2: In this cycle, we read the sublist S from SRAM. In case S was full,

the enqueue operation would push out an existing element in S. Hence,

we also read an additional sublist S' to store the pushed out element. Typ-

ically, S' would be the sublist to the immediate right of S in the Ordered-

Sublist-Array, provided it is not full. But in case it is full, we read an empty

sublist as S', to add the ejected element from S, and move that sublist to

the immediate right of S in the next cycle, thus preserving the list ordering

while also avoiding a potential chain-reaction of shifting the tail element

of one sublist to the head of next (which would result in worst-case O(
√

N)

SRAM accesses). We explain in the next cycle how indirection allows us to

(logically) shift sublists around within one clock cycle.

• Cycle 3: In this cycle, we figure out the position to enqueue within sublist

S, by running priority encoders on top of bit vectors returned by paral-

lel compare operations (S.Rank-Sublist[i].rank > f.rank), and (S.Eligibility-

Sublist[i] > f.send time) respectively In case S was full, the tail element
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in S.Rank-Sublist will be moved to the head of S'.Rank-Sublist, while we

use parallel compare operation (S'.Eligibility-Sublist[i] > S[tail].send time),

followed by priority encoding, to figure out the position to enqueue the

send time value of the element moving from S into the eligibility sublist

within S'. In case S' was initially empty, we also re-arrange the Ordered-

Sublist-Array by shifting S' to the immediate right of S. This shifting can be

done efficiently in one clock cycle since we do not shift the physical sub-

list in SRAM, but only the pointer to the sublist stored in Ordered-Sublist-

Array, which, in turn, is stored in flip-flops, which allows for parallel shift-

ing in one clock cycle. This further highlights the benefit of indirection.

• Cycle 4: In this cycle, we enqueue/dequeue respective elements at the po-

sitions output from the last cycle, and write back S (and S') to the SRAM.

We also update the Ordered-Sublist-Array entries for S and S' with the new

values of (i) num, (ii) smallest rank (read from the corresponding Rank-

Sublist), and (iii) smallest send time (read from the corresponding Eligibility-

Sublist).

Invariant 1 (Bounding the number of sublists) The key to ensuring O(1) en-

queue time is choosing a new empty sublist for enqueue whenever both the

sublist to which the new element is to be enqueued and the sublist to it’s imme-

diate right in the Ordered-Sublist-Array are full. This avoids the chain-reaction of

shifting the tail element of one sublist to the head of next (which would result

in worst-case O(
√

N) SRAM accesses), at the cost of memory fragmentation (Fig-

ure 2.7). However, an upshot of this design is the invariant that there cannot be

two consecutive partially full sublists in the Ordered-Sublist-Array. As a conse-

quence, to store N elements using
√

N-sized sublists, one would require at most

2
√

N sublists (2× SRAM overhead). For a detailed proof, refer to Appendix A.
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Figure 2.8: An example dequeue from the PIEO ordered list of size 16 elements
(8 sublists each of size 4).

Dequeue(). This operation returns the ”smallest ranked eligible” element in

Global-Ordered-List. It is implemented as follows:

• Cycle 1: In this cycle, we select the sublist that contains the ”smallest

ranked eligible” element. For this, we use the priority encoder to extract

the sublist at the smallest index in the Ordered-Sublist-Array that satisfies

the predicate (curr time ≥ Ordered-Sublist-Array[i].smallest send time). We

call it S. The predicate ensures that S will have at least one eligible ele-

ment, and since the Ordered-Sublist-Array is ordered by increasing small-

est rank value, the ”smallest ranked eligible” element in the entire list is

guaranteed to be in S.

• Cycle 2: In this cycle, we read the sublist S from SRAM. In case S was full,

after a dequeue it would be partially full. So, to ensure INVARIANT 1 is not

violated, we read another sublist, either to the immediate left of S in the

Ordered-Sublist-Array, or to it’s immediate right, whichever is not full, and
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choose either in case both of them are not full. We call it S'. If both left and

right sublists are full, we only read S, as in that case even a partially full S

would not violate INVARIANT 1.

• Cycle 3: In this cycle, we figure out the position to dequeue the ”small-

est ranked eligible” element from S. For that, we use the priority encoder

that outputs the smallest index idx in S.Rank-Sublist satisfying the pred-

icate (curr time ≥ S.Rank-Sublist[i].send time). The ”smallest ranked eligi-

ble” element to be dequeued and returned as the final output of dequeue()

operation is S.Rank-Sublist[idx]. Further, in the case S was full, we move

an element from S' to S, to ensure that S remains full even after dequeue,

hence ensuring that INVARIANT 1 will not be violated. The element to be

moved, e, is deterministically added to either the head (if S' is to the left of

S) or to the tail (if S' is to the right of S) of S.Rank-Sublist in the next cycle.

However, we have to rely on priority encoding to figure out the position to

dequeue e.send time from S'.Eligibility-Sublist, and the corresponding po-

sition in S.Eligibility-Sublist where it would be enqueued. For that, we

use parallel compare operations (S'.Eligibility-Sublist[i] == e.send time) and

(S.Eligibility-Sublist[i] > e.send time) respectively Finally, in case either S or

S' becomes empty after dequeue, we re-arrange the Ordered-Sublist-Array

by shifting S or S' to the head of the logical partition of empty sublists.

• Cycle 4: In this cycle, we enqueue/dequeue respective elements at the po-

sitions output from the last cycle, and write back S (and S') to the SRAM.

We also update the Ordered-Sublist-Array entries for S and S' with the new

values of (i) num, (ii) smallest rank (read from the corresponding Rank-

Sublist), and (iii) smallest send time (read from the corresponding Eligibility-

Sublist).
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Dequeue(f). This operation dequeues a specific element f from the Global-

Ordered-List. PIEO keeps track of the sublist id that each element (flow) within

the Global-Ordered-List is stored at, as part of the flow state, and updates this

information after each primitive operation. In cycle 1, we use that information

to select the sublist storing f, and then repeat cycles 2-4 from the dequeue() op-

eration, with a modification in cycle 3 where we use the predicate (f == S.Rank-

Sublist[i].flow id) to figure out the index idx of the element in S.Rank-Sublist to be

dequeued and returned as the final output.

2.6 Evaluation

In this section, we evaluate the performance of our FPGA prototype across three

metrics—(i) Scalability, (ii) Scheduling rate, and (iii) Programmability. To serve

as the baseline, we synthesized the open-source PIFO implementation [142] atop

our FPGA. We use 16-bit rank and predicate fields, same as in PIFO implemen-

tation.

2.6.1 Prototype

We prototyped PIEO on a Terasic DE5-Net board [113] comprising an Altera

Stratix V [154] FPGA with 234 K Adaptive Logic Modules (ALMs), 52 MBits

(6.5 MB) SRAM, and four 10 Gbps ports for a total of 40 Gbps interface band-

width. Our prototype is written in System Verilog [139] (∼1300 LOCs).
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Figure 2.9: Clock rates achieved by the scheduler circuit.

2.6.2 Prototype Experiments: Scheduling Rate

In this section, we evaluate the rate at which PIEO scheduler can make the

scheduling decisions. Scheduling rate is typically a function of: (a) the clock

rate of the scheduler circuit, and (b) number of cycles needed to execute each

primitive operation5. Each primitive operation in PIEO takes 4 clock cycles and

Figure 2.9 shows the clock rate of PIEO circuit against increasing PIEO size. The

clock rate naturally decreases with increasing circuit complexity, but even at

80 MHz and assuming a non-pipelined design, one can execute a PIEO prim-

itive operation every 50 ns, which is sufficient to schedule MTU-sized packets

at 200 Gbps line rate. A recent work [93] on software packet scheduler demon-

strated that a single CPU core was only able to schedule MTU-sized packets at

10 Gbps line rate, thus making our prototype 20× faster.

PIEO’s scheduling rate can be further improved by pipelining the primitive

operations. In a fully pipelined design, one could execute one primitive op-

eration every clock cycle. However, PIEO’s design is limited by the number

of SRAM access ports. As such, the memory stages of each primitive oper-

5For output-triggered model (Section 2.3.2), the complexity of Pre-Enqueue function also
affects the scheduling rate, as explained in Section 2.3.2.
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ation (cycle 2 and 4) uses both the available access ports of dual-port SRAM

to read/write two sublists. Hence, memory stages of different primitive op-

erations cannot be executed in parallel, thus preventing a fully pipelined de-

sign. In principle, by carefully scheduling the primitive operations, one can still

achieve some degree of pipelining, resulting in a better scheduling rate than a

non-pipelined design. However, for simplicity, our prototype only implements

the non-pipelined design, and all the analysis and results in the dissertation are

for a non-pipelined design.

Further, the clock rates achieved by PIEO is a function of both the PIEO

design and the hardware device used to run the design. We expect our design

to run at much higher clock rates on more powerful FPGAs [153], but even more

importantly, on an ASIC hardware, as ASIC-based implementations tend to be

more performant than an equivalent FPGA-based implementation of the same

design [56]. To back this using a concrete example, we note that PIFO’s design

on top of our FPGA was clocked at 57 MHz, as opposed to 1 GHz on an ASIC

hardware as shown in [104]. At 1 GHz clock rate, each primitive operation in

PIEO would only take 4 ns, making PIEO 300× faster than a single CPU core.

PIEO vs. PIFO trade-offs. Unlike PIEO, PIFO’s hardware design can be fully

pipelined, partly because it does not access SRAM at all, and hence PIFO sched-

uler can schedule at a higher rate than PIEO. This is the price we pay in PIEO’s

hardware design to achieve order of magnitude more scalability than PIFO.

Alternatively, one can also implement PIEO primitive using PIFO’s hardware

design6 and achieve more expressibility than PIFO without compromising on

scheduling rate, albeit at a much smaller scale. We, however, argue that the
6 Porting PIEO primitive to PIFO’s hardware design is trivial despite PIEO supporting a

more complex dequeue function, because the kind of predicates used in PIEO implementation
can be evaluated in parallel in flip-flops in one clock cycle.
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(a) Logic consumption (b) Memory consumption

Figure 2.10: Percentage of logic modules (ALMs) consumed (out of 234 K) and
Percentage of SRAM consumed (out of 6.5 MB).

trade-off made in PIEO’s hardware design is a good trade-off to make, as PIEO’s

design is still extremely fast and can schedule in tens of nanoseconds (even less

at higher clock rates), while also scale to tens of thousands of flows, which is

critical in multi-tenant cloud networks [88, 92].

2.6.3 Prototype Experiments: Scalability

In this section, we evaluate how the logic and memory resources consumed by

PIEO’s design scale with the size of the PIEO scheduler. We report the per-

centage of available Adaptive Logic Modules (ALMs) consumed to implement

the combinational and sequential logic (Figure 2.10(a)), and the percentage of

available SRAM consumed to store the ordered list (Figure 2.10(b)). Further, we

compare it against the PIFO implementation [142].

The baseline PIFO implementation consumes 64% of the available logic

modules to implement a PIFO scheduler of size 1 K elements, and this scales

linearly with the size of PIFO, meaning we can’t fit a PIFO with 2 K elements or
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Figure 2.11: Rate limit enforcement in PIEO prototype.

Figure 2.12: Fair queue enforcement in PIEO prototype.

more on our FPGA. In contrast, the logic consumption for PIEO increases sub-

linearly (as the square root function), and we can easily fit a PIEO scheduler

with 30 K elements on our FPGA. This is a direct consequence of PIEO’s design,

which unlike PIFO, exploits the memory hierarchy available in hardware to effi-

ciently distribute storage and processing across SRAM and flip-flops. Of course,

this scalability comes at the cost of 2× SRAM overhead as discussed in INVARI-

ANT 1. However, even with 2× SRAM overhead, the total SRAM consumption

for PIEO’s implementation is fairly modest as shown in Figure 2.10(b).
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2.6.4 Prototype Experiments: Programmability

We show in Section 2.4 that one can express a wide-range of scheduling algo-

rithms using the PIEO primitive. In this section, we program two such algo-

rithms, namely Token Bucket (Section 2.4.2) and WF2Q+ (Section 2.4.1), atop our

FPGA prototype using System Verilog as the programming language. The two

chosen algorithms implement two of the most widely used scheduling policies

in practice, namely rate limiting and fair queuing.

We program a two-level hierarchical scheduler using our prototype, with ten

nodes at level-2 and ten flows within each node, for a total of 100 flows. We im-

plement packet generators, one per flow, on the FPGA to simulate the flows. The

link speed is 40 Gbps, and we schedule at MTU granularity. For experiments,

we assign varying rate limit values to each node at level-2 in the hierarchy, and

enforce it using the Token Bucket algorithm. The rate limit value of a particular

node at level-2 is then shared fairly across all it’s ten flows using WF2Q+ algo-

rithm. In Figure 2.11, we sample a random level-2 node, and show that PIEO

scheduler very accurately enforces the rate limit on that node. Further, in Fig-

ure 2.12, we show that for each rate limit value assigned to the chosen level-2

node, PIEO scheduler very accurately enforces fair queuing across all the flows

within that level-2 node.

2.7 Discussion

In this section, we discuss the applicability of PIEO’s hardware design beyond

packet scheduling. In particular, we discuss how PIEO can be used to imple-
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ment key datastructures such as priority queues [134] and key-value (dictio-

nary) stores [122] in hardware, thus providing a potential building block for

designing hardware-accelerated applications in the Post-Moore era.

2.7.1 PIEO as a Generic Priority Queue

One can readily use PIEO as a generic O(1)-time priority queue, by setting the

rank attribute to the priority value, and setting the predicate to be always True.

Thus, one can use PIEO instead of the traditional heap-based implementation

of the priority queue, and improve the time complexity from O(log(N)) to O(1),

where N is the size of the queue.

2.7.2 PIEO as an Abstract Dictionary Datatype

PIEO primitive can also be viewed as an abstract dictionary data type [122], which

maintains a collection of (key, value) pairs, indexed by key, and allows operations

such as search, insert, delete and update. PIEO presents an extremely efficient

implementation of the dictionary data type in hardware, which can do all the

above mentioned operations in O(1) time, while also being scalable. Further,

it can also very efficiently support certain other key dictionary operations con-

sidered traditionally challenging, such as filtering a set of keys within a range,

as PIEO implementation described in Section 2.5 can be naturally extended to

support predicates of the form a ≤ key ≤ b. Thus, PIEO presents an attractive

alternative to the traditional hardware implementations of the dictionary data

type, such as hashtables [127] and search trees [136].
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2.8 Summary

In this chapter, we presented a new packet scheduling primitive, called Push-In-

Extract-Out (PIEO), which could express a wide-range of packet scheduling al-

gorithms. PIEO assigns each element a rank and an eligibility predicate, both of

which could be programmed based on the choice of the scheduling algorithm,

and at any given time, schedules the ”smallest ranked eligible” element. We

presented a fast and scalable hardware architecture of PIEO scheduler, and pro-

totyped it on an FPGA. Our prototype could schedule in tens of nanoseconds,

while also scale to tens of thousands of flows. Thus overall, PIEO scheduler is

simultaneously programmable, scalable, and high-speed.
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CHAPTER 3

FAST CIRCUIT-SWITCHED SWITCHING FABRIC : SHOAL

In this chapter, we describe the design and implementation of a datacenter

switching fabric that can scale to high switching speeds in a cost and power

efficient manner while also achieving high-performance.

3.1 Overview

Traditionally, datacenter switching fabrics are built using a collection of low

port-count packet switches arranged in some network topology, the most com-

mon being a Folded Clos topology such as Fattree [1]. The topology is designed

in a way that can provide the necessary bisection bandwidth needed by the

applications running inside the datacenters. Further, when coupled with sate-

of-the-art network protocols [4, 187, 41, 2], the packet-switched fabric can be

extremely high performant in terms of both high throughput and low latency.

However, the slowdown in Moore’s law combined with the rising bandwidth

demand means that the switching speed of packet switches is no longer able

to keep pace with the bandwidth demand (Section 1.3.2). As a result, to meet

the required bisection bandwidth, one would require more number of switches,

more number of tiers in the topology, more number of fibers, and more number

of transceivers, resulting in increased power, cost, and number of hops through

the network (latency).

The limitations of packet-switched networks have already prompted net-

work designs that leverage circuit switches in datacenters [31, 175, 20, 87, 39,
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185, 38, 35, 74, 59]. Such switches can be optical or electrical, and the fact that

they operate at the physical layer with no buffers, no arbitration and no packet

inspection mechanisms means they can be cheaper and more power efficient

than an equivalent packet switch (Section 3.6). These benefits are particularly

magnified for optical circuit switches on account of being data rate agnostic,

and hence, unlike packet switches, can scale to arbitrary switching speeds with

no increase in cost and power. However, achieving low latency is still challeng-

ing as traditional circuit switches have reconfiguration delays of the order of

few microseconds [74] to even milliseconds [31]. Such a solution, thus, either

compromises on performance or still relies on a separate packet-switched net-

work to handle latency-sensitive traffic. In summary, existing network solutions

for high-speed switching fabric either compromise on power and cost efficiency

(packet-switched) or on performance (slow circuit-switched).

In this chapter, we show that it is possible to design a high-speed switch-

ing fabric network that is cost and power efficient while achieving performance

comparable to packet-switched networks. Our work is motivated by fast circuit

switches that can be reconfigured in a few to tens of nanoseconds while still

being power and cost efficient. These are available commercially [167] as well

as research prototypes [59, 19, 55, 29, 183, 63, 106, 27]. Unfortunately, it is not

sufficient to simply take existing circuit-switch-based architectures and upgrade

their switches from slow to fast reconfigurable circuit switches, as these archi-

tectures were designed under the assumption of slow reconfiguration times. In

particular, these solutions rely either on a centralized controller to reconfigure

the switches [59, 20, 87, 39, 185, 38], which would be infeasible at a nanosecond

scale, or on a scheduler-less design with a large congestion control loop [74],

which prevents taking advantage of fast reconfiguration speeds.

73



We present Shoal, a power and cost efficient yet performant high-speed

switching fabric for datacenters built using fast circuit switches. Shoal proposes

a new control plane for circuit scheduling which reconfigures the fabric using

a static, pre-defined schedule that connects each pair of end-hosts at an equal rate

(Section 3.3.4). This avoids the need for a slow centralized scheduler. To ac-

commodate dynamic traffic patterns atop a static schedule, traffic from each

end-host is uniformly distributed across all end-hosts which then forward it

to the destination; a form of detour routing (Section 3.3.5). Such traffic agnos-

tic scheduling, first proposed by Chang et al. [18] as an extension of Valiant’s

method [171], obviates the complexity and latency associated with centralized

schedulers while guaranteeing the worst-case network throughput across any

traffic pattern [18]. Such scheduling, however, requires that all end-hosts are

connected through what looks like a single circuit switch. To achieve this,

Shoal’s fabric either uses a single large port-count circuit switch or many low

port-count circuit switches connected in a non-blocking Clos topology, such as

a Fattree [1] with full bisection bandwidth, that are reconfigured synchronously

to operate like a single circuit switch (Section 3.3.2).

The detour-based routing used in Shoal can lead to congestion at the inter-

mediate end-hosts for certain traffic patterns. To handle that, we devised an

efficient congestion control mechanism to run atop Shoal’s fabric (Section 3.3.6).

Congestion control in Shoal is particularly challenging to achieve due to high

multi-pathing—traffic between a pair of end-hosts is routed through all end-

hosts. Shoal leverages the observation that the static schedule creates a pe-

riodic connection between every pair of end-hosts to implement an efficient

backpressure-based congestion control, amenable to efficient hardware imple-

mentation.
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To verify the feasibility of our design, we implemented an FPGA-based NIC

and circuit switch (Section 3.5). Our implementation achieves small reconfigu-

ration delay (6.4 ns) for the circuit switch and is a faithful implementation of our

entire design including the scheduling and the congestion control mechanisms.

Further, we incorporated the NIC and the switch implementation into

an end-to-end small-scale prototype that comprises six FPGA-based circuit

switches forming a two-tier Fattree topology with full bisection bandwidth con-

necting eight FPGA-based NICs as end-hosts (Figure 1.10, Section 3.7.1). Exper-

iments on this small-scale prototype shows that Shoal offers high throughput

and low latency (Section 3.7.2); yet our analysis indicates that its power can be

71% lower than an equivalent packet-switched network at a lower cost (Sec-

tion 3.6). Using a cross-validated simulator (Section 3.7.3), we show that Shoal’s

properties hold at scale too. Across datacenter-like workloads, Shoal achieves

comparable or higher performance than a packet-switched network using state-

of-the-art protocols [187, 41, 2], with improved tail latency (up to 2× lower as

compared to NDP [41]) (Section 3.7.5). Further, through simulations based on

real traces [34], we also demonstrate that Shoal can cater to the demands of

emerging disaggregated workloads (Section 3.7.6).

3.2 Background

We first consider how conventional datacenter switching fabric designs fall

short when it comes to building high-performance high-speed switching fab-

rics in a cost and power efficient manner.
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3.2.1 Strawman Design 1: Packet Switching

A Folded Clos topology of packet switches, such as Fattree [1], is the most com-

mon way of building datacenter switching fabrics. The structure of a Fattree

can be characterized by the number of tiers of switch chips that it requires, and

how the chips are packaged into boxes. These design choices then dictate the

number of hops a packet must traverse, as well as the number of fiber links

and optical transceivers required to connect the fabric. Each additional tier in-

curs cost, power, latency, and cabling complexity. However, given that packet

switching speeds are no longer able to keep pace with the rising bandwidth

demand due to slowdown in Moore’s law, scaling out a Fattree topology with

more tiers to meet the necessary bandwidth demand is inevitable, resulting in

high cost and power overhead (Section 1.3.2).

The disadvantages of traditional Fattree designs have led to chassis-based

Fattree topologies in which multiple switch chips are integrated into a common

box, known as a chassis, and connected using energy-efficient copper backplane

traces. As a result, this architecture requires fewer optical transceivers and fibers

compared to traditional Fattree topology. However, this comes at the cost of

more switching chips and the number of hops (higher latency) through the net-

work. Further, chassis power consumption also presents a scaling challenge as

network speeds increase.

3.2.2 Strawman Design 2: Direct-connect Network

Motivated by the observation that building a high-speed switching fabric in

the Post-Moore era using packet switches would result in high power and cost
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overheads, practitioners have attempted to integrate several very low-port (typ-

ically four or six ports) packet switches in the System-on-Chip (SoC) of the

microserver. Thus, instead of building a topology of packet switches, the mi-

croservers can be connected to each other using direct-connect topologies preva-

lent in High Performance Computing (HPC) and Super-computing systems,

e.g., a 3D torus [157, 82]. This design significantly reduces the overall net-

work power consumption as the additional logic per SoC is small. However,

a key drawback of direct-connect networks is that they have a static topology

which cannot be reconfigured based on current traffic pattern. Hence their per-

formance is workload dependent—for dynamically changing workloads such

as datacenter workloads, it results in routing traffic across several end-hosts,

which hurts network throughput and latency (Section 3.7.5) and complicates

routing and congestion control [25].

3.2.3 Circuit Switching

These strawmans lead to the question whether packet-switched networks are

well-suited to build high-speed switching fabrics in the Post-Moore era. On

the upside, packet-switched networks offer excellent performance and allow

the network core to be loosely coupled with the end-host’s network stack. Tra-

ditionally, this has been a good trade-off—as long as packet switching speeds

were able to scale to the bandwidth demands, the cost and power overheads

were not a concern yet loose coupling allowed the core network technologies

to evolve independent of the end-host’s network stack. This also allowed the

network to be asynchronous, which helps scaling. This trade-off, however, does

not hold up now when switching speeds of packet switches are unable to keep
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pace with the rising bandwidth demand due to the slowdown in Moore’s law

and the end of Dennard scaling.

Instead, we argue that a circuit-switched network offers a different set of

trade-offs that are more suited to building high-speed switching fabrics in a cost

and power efficient manner. Compared to a packet switch, circuit switches can

draw less power and be cheaper due to their simplicity, and these gains could

grow with future optical switches (Section 3.6). Thus, they can scale to high

switching speeds in a highly cost and power efficient manner. On the flip side,

circuit switching does necessitate a tight coupling where all nodes are synchro-

nized and traffic is explicitly scheduled. Further, past solutions with slow cir-

cuit switches have had to rely on a separate packet-switched network to support

low latency workloads which increases complexity and hurts network manage-

ability (Section 1.5.2). Using fast circuit switches has the potential to support

both low latency and bulk traffic effectively, but requires a fast control plane

for circuit scheduling, which is challenging. In this chapter, we show that these

challenges can be solved at the scale of a datacenter and it is feasible to build

a high-speed datacenter switching fabric that is cost and power efficient while

achieving performance on par with a packet-switched network.

3.3 Design

Shoal is a circuit-switched network comprising a switching fabric built entirely

using fast reconfigurable circuit switches that is tightly coupled with the end-

host’s network stack. In this section, we describe the design of Shoal.

78



Shoal	Fabric

End-host

Network
Interface

End-host	Network	Interface

1 2 N-1

Network	Flow

Schedulers

per-
des<na<on	

FIFOs

Circuit	Switch

Figure 3.1: Shoal architecture.

3.3.1 Design Overview

Shoal’s architecture is shown in Figure 3.1. Each end-host in the network is

equipped with a network interface connecting it to the Shoal fabric. The fabric

comprises a hierarchical collection of smaller circuit switches, electrical or opti-

cal, that are reconfigured synchronously. Hence, the fabric operates like a single,

giant circuit switch (Section 3.3.2). The use of a circuit-switched fabric means

that we need a control plane to schedule it. One possible approach is to sched-

ule it on-demand, i.e., connect end-hosts depending on the current traffic matrix.

However, such on-demand scheduling requires complicated scheduling algo-

rithms and demand estimation, and would make it hard to meet low-latency

constraints.

Instead, Shoal uses traffic agnostic scheduling [18]. Specifically, each circuit

switch forwards fixed-sized packets or “cells” between its ports based on a pre-

defined “schedule”. These per-switch schedules, when taken together, yield a
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schedule for the fabric which dictates when different end-host pairs are con-

nected to each other. The schedule for individual switches is chosen such that

the fabric’s schedule provides equal rate connectivity between each pair of end-

hosts (Section 3.3.4). To accommodate any traffic pattern atop the equal rate con-

nectivity offered by the fabric, each end-host spreads its traffic uniformly across

all other end-hosts, which then forward it to the destination (Section 3.3.5).

The second mechanism implemented in Shoal’s network stack is a conges-

tion control technique that ensures that network flows converge to their fair

rates, while bounding the maximum queuing at all end-hosts (Section 3.3.6).

Our main insight here is that the periodic connection of end-hosts by the fabric

enables a simple backpressure-based congestion control amenable to hardware

implementation. One of the main challenges in implementing backpressure-

based mechanisms over multi-hop networks is instability for dynamic traf-

fic [50]. In Shoal, we restrict the backpressure mechanism to a single hop, avoid-

ing the instability issue altogether.

In the following sections, we describe the aforementioned mechanisms in

more detail.

3.3.2 Shoal Switching Fabric

Shoal’s switching fabric connects the end-hosts through what looks like a single

circuit. This can be achieved either using a single high port-count circuit switch

connecting all the end-hosts or using multiple low port-count circuit switches

forming a non-blocking Clos topology, such as Fattree [1] with full bisection

bandwidth (Figure 3.2). All the switches in the fabric reconfigure their circuits
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Figure 3.2: A non-blocking Clos topology of circuit switches. This particular
topology is also known as two-tier full bisection bandwidth Fattree topology or
a leaf-spine topology.

synchronously (according to the logic described in Section 3.3.4), thus ensuring

that the entire fabric operates as a single circuit switch. The fabric periodically

connects each pair of end-hosts according to a static, pre-defined schedule (Sec-

tion 3.3.4). End-hosts currently connected by the fabric exchange packets (Sec-

tion 3.3.3), which are always routed through the highest tier of the topology,

even if the highest common ancestor switch of the two end-hosts is in a lower

tier (like end-hosts 1 and 2 in the figure). Since the topology is non-blocking,

this does not impact network throughput. It ensures, however, that the distance

between any two end-hosts is the same which, in turn, aids network-wide time

synchronization (Section 3.3.7).

3.3.3 Shoal Data Plane

Shoal’s data plane is illustrated in Figure 3.3. Shoal’s mechanisms operate at

the data link layer (layer 2) of the network stack. End-hosts send and receive

fixed-sized cells. Packets received from higher layers are thus fragmented into

cells at the source end-host and reassembled at the destination. Each cell has a

header (Section 3.3.7) that contains the routing and other control information.
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Figure 3.3: Shoal data plane.

Cells in Shoal are routed to their final destination via at most one in-

termediate end-host (Section 3.3.5). Thus each end-host in Shoal has dual

responsibility—(i) transmit its local cells to an intermediate end-host (on the

way to the final destination), and (ii) forward detouring remote cells received

from other end-hosts to their final destinations.

To that end, each end-host implements a scheduler which is configured by

Shoal’s congestion control algorithm (Section 3.3.6). The scheduler decides when

and which local cells to forward to an intermediate end-host. Further, each end-

host also maintains a set of FIFO queues, one per destination, to store the remote

cells—cells arriving at an intermediate end-host are are put into the FIFO queue

corresponding to their final destination. These per-destination FIFO queues are

served whenever the fabric’s schedule connects the intermediate end-host to the

corresponding destination.

Finally, when the fabric’s schedule connects end-host i to end-host j, the for-

mer always transmits a cell; the cell at the head of the queue i→ j is transmitted,

otherwise an empty cell is sent. This ensures that each end-host periodically

receives a cell from every other end-host, which enables implementing an ef-

ficient backpressure-based congestion control (Section 3.3.6) and simple failure

detection (Section 3.4.4).
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3.3.4 Shoal Control Plane: Static Schedule & Virtual Topology

Shoal uses a static, pre-defined schedule to reconfigure the fabric such that the

end-hosts are connected at an equal rate. Figure 3.4 shows an example schedule

with N = 8 end-hosts. Thus, in a network with N end-hosts, each pair of end-

hosts is directly connected by the fabric once every N − 1 time slots, where a slot

refers to the cell transmission time.

Further, we decompose the schedule of the overall fabric into the schedule

for each constituent circuit switch. Consider the example fabric shown in Fig-

ure 3.2. Figure 3.4 shows the schedule for this fabric while Figure 3.5 shows

the schedule for switch 1. Each switch’s schedule is contention-free, i.e., at a

given instant, any port is connected to only one port. This allows the switch to

83



1 2

3

4

5
6

7

8

1/7

1/7

1/7 1/7

1/7

1/7

1/71/7

Figure 3.6: Shoal’s virtual full mesh topology with 8 end-hosts (see Figure 3.2
for the physical topology).

do away with any buffers and any mechanisms for packet inspection or packet

arbitration. Further, each switch’s schedule guarantees that if every switch re-

configures synchronously, we would get the same end-to-end connections as

dictated by the overall fabric schedule. This way Shoal’s fabric operates as a

single, giant circuit switch.

Next, the periodic reconfiguration of Shoal’s fabric means that the entire net-

work can be seen as a virtual full mesh topology with virtual links between each

pair of end-hosts. E.g., consider a network with 8 end-hosts whose schedule is

shown in Figure 3.4. Since each end-host is connected to every other end-host

1/7th of the time, the network provides the illusion of a full mesh with virtual

links whose capacity is 1/7th of each end-host’s total network bandwidth. Fig-

ure 3.6 shows this virtual topology achieved by the fabric.

3.3.5 Shoal Control Plane: Routing

To route cells on top of the virtual full mesh topology, Shoal leverages the well

known Valiant Load Balancing (VLB) [171], by routing each cell via a random
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intermediate end-host—cells sourced by an end-host, irrespective of their des-

tination, are sent to the next end-host the source is connected to by the fabric’s

schedule. The intermediate end-host then forwards the cell to the final destina-

tion. Thus, each cell is detoured through at most one intermediate end-host.

The key aspect of this design is that it converts any arbitrary traffic pattern

into a uniform traffic pattern. This guarantees the worst-case throughput across

any traffic pattern [18]—Shoal’s network throughput can be at most 2× worse

than that achieved by a hypothetical, network-wide ideal packet switch. To

compensate for this throughput reduction due to detouring, we double the ag-

gregate bisection bandwidth of the fabric for Shoal. This is a good trade-off as

circuit switches are expected to be cheaper and hence, adding fabric bandwidth

is inexpensive; in Section 3.6, the cost of the resulting network is still estimated

to be lower than the cost of a traditional packet-switched network.

3.3.6 Shoal Control Plane: Congestion Control

The detouring mechanism described in Section 3.3.5 can lead to congestion at

the intermediate end-host when there are multiple sources sending data to the

same destination, also known as the incast traffic pattern. To handle this, Shoal

relies on a congestion control mechanism. We begin with a discussion of the

implications of Shoal’s virtual topology and routing for congestion control, fol-

lowed by the details of our design.

High Multi-pathing. As described in Section 3.3.4, the periodic reconfiguration

of Shoal’s fabric means that the entire network can be seen as a virtual full mesh

topology with virtual links between each pair of end-hosts.
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Shoal’s use of detouring means that each end-host’s traffic is routed uni-

formly through all the end-hosts on their way to their destination, resulting in

very high multi-pathing. In contrast, the Transmission Control Protocol (TCP)

suite of protocols, including protocols tailored for datacenters [2, 178] and re-

cent protocols for Remote Direct Memory Access (RDMA) networks [187, 77]

only use a single path. Even multi-path extensions like MPTCP [89] target sce-

narios with tens of paths, which is orders of magnitude less than in Shoal.

Design insights. Shoal’s congestion control design is based on three key in-

sights. First, we leverage the fact that the fabric in a network with N end-hosts

directly connects each pair of end-hosts once every N − 1 time slots. We refer to

this interval as an epoch. This means that, when the queues at an intermediate

end-hosts grow, it can send a timely backpressure signal to the sender. As we

detail below, the periodic nature of this signal coupled with careful design of

how a sender reacts to it allows us to bound the queue size across all end-hosts.

Second, achieving per-flow fairness with backpressure mechanisms is chal-

lenging [187], especially in multi-path scenarios. In Shoal, a flow refers to all

layer 2 packets being exchanged between a pair of end-hosts. For network traf-

fic, this includes all transport connections between the end-hosts. For storage

traffic, this includes all I/O between them. Each flow comprises N − 1 subflows,

one corresponding to each intermediate end-host. Shoal achieves fairness across

flows by leveraging the fact that each flow comprises an equal number of sub-

flows that are routed uniformly across a symmetric network topology, so we

can achieve per-flow fairness by ensuring per-subflow fairness. We thus treat

each subflow independently and aim to determine their fair sending rates. The

mechanism can also be extended to other flow sharing policies (Section 3.8.2).
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Finally, each subflow traverses two virtual links, either of which can be the

bottleneck. E.g., a subflow i → j → k can either be bottlenecked at the virtual

link between end-hosts i and j, or between end-hosts j and k. Shoal maintains a

queue, Qi j, at end-host i to store cells destined to end-host j. We use the length

of the queue Qi j as an indication of the load on the virtual link between end-

hosts i and j. Note that the end-host sourcing the traffic, i, can observe the size

of the local queue Qi j. It, however, also needs to obtain information about the

size of the remote queue Q jk that resides at end-host j. This is achieved using

the congestion control mechanism described below.

Congestion control mechanism. We use a subflow from source i to destination

k through intermediate end-host j, i → j → k, as a running example to explain

Shoal’s congestion control. When end-host i sends a cell to end-host j, it records

the subflow that the cell belongs to. Similarly, when end-host j receives the cell,

it records the index k of the queue that the cell is added to. The next time end-

host j is connected to end-host i, it embeds the current length of queue Q jk into

the cell header:

rate limit feedback ji = len(Q jk) (3.1)

Each pair of end-hosts in the network exchange a cell every epoch, even if there

is no actual traffic to be sent. Thus, when end-host i sends a cell to end-host

j, it gets feedback regarding the relevant queue at j within the next epoch. Let

us assume that end-host i receives this feedback at time T . At time t (≥ T ),

it knows the instantaneous length of its local queue to end-host j, Qi j(t), and a

sample of the length of the remote queue between end-hosts j and k, Q jk(T ). The

fair sending rate for a subflow is governed by the most bottlenecked link on its

path, i.e., the link with the maximum queuing. As a result, the next cell for this

subflow should only be sent after both the queues have had time to drain, i.e.,
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at least, max(len(Qi j(T )), len(Q jk(T ))) epochs have passed since the feedback was

received. To achieve this, end-host i releases a cell for this subflow into its local

queue for j only when the current length of the queue, after accounting for the

time since the last feedback, exceeds the size of the remote queue Q jk, i.e., a cell

is released into Qi j at time t when,

len(Qi j(t)) + (t − T ) ≥ len(Q jk(T )) (3.2)

Thus, when a new cell is released into the queue at its source, the previous cell in

that queue is guaranteed to have been sent to the remote queue while the previ-

ous cell in the remote queue is guaranteed to have been sent to the destination.

This ensures the invariant that at any given time a subflow has at most one cell

each in both the queue at its source and the queue at its intermediate end-host.

As a consequence, at any given time, the size of each queue Qi j is bounded by:

len(Qi j) ≤ outcast degree(i) + incast degree( j) (3.3)

Here, outcast degree(i) equals the number of end-hosts i is sourcing traffic

to, and incast degree(j) equals the number of end-hosts sourcing traffic destined

to j. Thus, this mechanism ensures that, for each virtual link, Shoal performs

fair queuing at cell granularity across all the subflows sharing that link. This, in

turn, results in a tighter distribution of flow completion times. Note that while

Shoal’s basic design assumes a single traffic class for the flows, it can be easily

extended to support multiple traffic classes (Section 3.8.2).

While Equation 3.3 bounds the queue size, it also highlights one of the chal-

lenges of detouring: network latency experienced by a cell, while bounded, is

impacted by cross-traffic — traffic from remote end-hosts at the cell’s source

end-host and traffic from local end-host at the cell’s intermediate end-host. To

reduce this impact of detouring, we introduce following optimizations:
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Reducing cell latency at the intermediate end-host. In addition to queue Q jk,

end-host j also maintains a ready queue R jk. Instead of adding cells to Q jk from

local flows that satisfy Equation 3.2, Shoal adds the corresponding flow ids into

the ready queue R jk. Thus,

len(R jk) ≤ outcast degree( j) ≤ N − 1 (3.4)

Shoal then scans the local flow ids in R jk, and adds the corresponding cells into

the queue Q jk such that at any given time there is at most one local cell in Q jk.

Thus Equation 3.3 changes to:

len(Q jk) ≤ 1 + incast degree(k) ≤ N (3.5)

However, to ensure that the rate limit feedback accounts for the local subflows,

Equation 3.1 needs to be updated accordingly:

rate limit feedback ji = len(Q jk) + len(R jk) − 1 (3.6)

The network is thus still shared fairly, while simultaneously reducing the impact

of local traffic on the latency of remote cells — the latency experienced by a

remote cell at any intermediate end-host is determined only by the incast degree

of cell’s destination.

Reducing cell latency at the source end-host. While Equation 3.5 reduces the

impact of detouring at the intermediate end-host, at the source end-host, i, the

latency for a local cell in Qi j is governed by incast degree of intermediate end-

host j. To reduce the impact of cross traffic (i.e., non-local traffic), Shoal selec-

tively adds cells from a new flow to queue Qi j only if len(Qi j) ≤ 2age, where age

is measured in epochs since the flow started. Thus, for the first few epochs,

cells will be released to queues over virtual links with low contention, and af-

terwards will quickly converge to uniform load balancing using all virtual links

after a max of log(N) epochs. This achieves uniform load balancing for long
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flows, and hence preserves Shoal’s throughput bounds, while reducing com-

pletion time for short flows.

The impact of these optimizations is evaluated in Figure 3.15.

Bounded queuing. Equation 3.5 guarantees that at any given time, the size of

each queue Qi j at end-host i is bounded by the instantaneous number of flows

destined to destination j plus one, with at most one cell per flow. This queue

bound can be used to determine the maximum buffering needed at each end-

host’s network interface to accommodate even the worst-case traffic pattern of

all-to-one incast. Importantly, since Shoal accesses a queue only once every

epoch for transmission, and assuming the access latency of off-chip memory

is less than an epoch, Shoal only needs to buffer one cell from each queue Qi j on

the on-chip memory, resulting in N − 1 total cells.

3.3.7 Shoal Control Plane: Configuration Parameters

In this section, we describe the various configuration parameters in Shoal’s de-

sign. Shoal operates in a time-slotted fashion. Slots are separated by a “guard

band” during which the switches are reconfigured. The guard band also ac-

counts for any errors in synchronization. Further, each cell carries a header that

encodes both the routing and congestion control information.

Cell header. Each cell in Shoal carries a header that has eight attributes:

• source id: the id of the end-host sourcing the cell.

• destination id: the id the end-host the cell is destined to.
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• sequence number: a unique (increasing) number assigned to each cell,

used primarily for ordering the cells in the correct sequence in the event

of re-ordering in the network.

• rate limit feedback: encodes the rate limit feedback, as described in

Section 3.3.6, used for Shoal congestion control.

• start-of-packet: a binary attribute which is set to 1 if the cell happens

to be the first cell in a layer 2 packet, otherwise set to 0.

• end-of-packet: a binary attribute which is set to 1 if the cell happens to

be the last cell in a layer 2 packet, otherwise set to 0.

• last-cell-dropped: a binary attribute which is set to 1 in a cell going

from end-host i to end-host j, if the last cell from end-host j to end-host i

was dropped at i, otherwise set to 0.

• Checksum: a checksum on the header fields, used to detect and recover

from cell corruption due to bit flips.

Circuit switch reconfiguration. Shoal uses fast reconfigurable circuit switches.

For example, our prototype implements an FPGA-based circuit switch that

can be reconfigured in 6.4 ns (Section 3.5.1). Electrical circuit switches with

fast reconfiguration are also commercially available [167] while fast optical cir-

cuit switches with nanosecond-reconfiguration time have also been demon-

strated [55, 29, 183, 63, 22, 27, 106].

Time synchronization. Shoal’s slotted operation requires that all end-hosts and

switches are time synchronized, i.e., they agree on when a slot begins and ends.

Synchronizing wide-area networks is hard, primarily because of high propaga-

tion delay and the variability in it. In contrast, fine-grained datacenter-wide
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synchronization is tractable due to their size and ability to control every node

in the network. Protocols like Datacenter Time Protocol (DTP) [58] have shown

to achieve bounded nanosecond-level synchronization precision across an en-

tire datacenter. Furthermore, datacenter networks can be constructed with tight

tolerances to aid synchronization. For example, if all links are the same length

with a tolerance of ± 2 cm, the propagation delay would vary by a maximum of

0.2 ns. Small physical distance also mitigates the impact of temperature varia-

tions that could lead to variable propagation delay.

Shoal leverages the WhiteRabbit synchronization technique [80, 57, 65, 90] to

achieve synchronization with bit-level precision. WhiteRabbit has been shown

to achieve sub-50 picoseconds of synchronization precision [90]. The main

idea is to couple frequency synchronization with a time synchronization pro-

tocol such as Precision Time Protocol (PTP) [108] or Datacenter Time Protocol

(DTP) [58] (Section 3.7.1).

Frequency synchronization is achieved by distributing a global clock to all

the nodes (end-hosts and switches) in the network. This global clock is generally

derived from one of the nodes, designated as the clock master. The clock can be

distributed explicitly, or implicitly through Synchronized Ethernet (SyncE) [166]

whereby nodes derive a clock from the data they receive and use this clock for

their transmissions.

In Shoal, time synchronization protocol needs to run only between the end-

hosts (and not the switches). At bootstrap, each switch’s circuits are configured

according to their respective schedule’s configuration at time slot 1 (e.g., Fig-

ure 3.5) and they do not change. End-hosts then start running the time synchro-

nization protocol. Once all the end-hosts are synchronized to a desired level of
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precision, they send a “start” signal to the switches, followed by actual data ac-

cording to the fabric schedule (Figure 3.4). Switches on receiving the signal start

reconfiguring their circuits according to their respective schedules (Figure 3.5).

Slot size and guard band. Overall, the guard band size is the sum of the recon-

figuration delay, variability in propagation and the precision of synchroniza-

tion. Given the guard band size, the slot size can be configured to balance the

trade-off between latency and throughput: a smaller slot reduces epoch size re-

sulting in smaller latency, yet it imposes higher guard band overhead resulting

in smaller duty cycle and hence lower throughput.

Epoch size and multiple channels. In Shoal, two end-hosts exchange cells at

the interval of an epoch. Therefore, each queue drains at the rate of one cell

per epoch, meaning a smaller epoch size results in smaller queuing delay. We

can reduce the epoch size by taking advantage of the fact that network links

comprise multiple I/O channels. E.g., 100 Gbps links actually comprise four

25 Gbps channels, which can be switched independently. Thus, in Shoal, each

channel is used to send cells to a quarter of the end-hosts in parallel. Given a

fixed slot size (as determined based on guard band size), this shrinks the epoch

size by a quarter (epoch = N−1 slots
num of channels ). Finally, the actual cell size is determined

by the slot size and channel speed, e.g., a slot size of 20.5 ns (without guard

band) will correspond to 64 B cells over a 25 Gbps channel.

3.4 Handling Practical Concerns

In this section, we discuss some of the practical concerns around Shoal’s design

and describe how we handle those concerns.
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3.4.1 Clock and Data Recovery (CDR)

A key challenge for any network relying on fast circuit switches is that each

switch needs to be able to receive traffic from different senders at each time slot.

This requires that, at each time slot, the incoming bits are sampled appropri-

ately so as to achieve error-free reception. The sampling is done by the Clock

and Data Recovery (CDR) circuitry at the receiver. However, we note that this is

a problem only when using layer 0 circuit switches that operate at the raw phys-

ical layer, e.g., when using an optical circuit switch. Such a switch imposes no

latency overhead but requires very fast CDR at the receiver in order to achieve

a reasonable guard band. Recent work has shown that sub-nanosecond CDR is

achievable in datacenter settings [24].

Electrical circuit switch can also operate at layer 1 [167]. When a circuit is

established between ports i → j, the switch retimes data received on port i

before sending it to port j. With such switches, each link in the network is a

point-to-point link and thus, fast CDR is not needed. Each switch, however,

does need to be equipped with a small buffer to account for any differences in

the clocks associated with ports i and j. For Shoal, only a few bits worth of

buffering is required since the entire network is frequency synchronized and

the buffer is only needed to absorb any clock jitter.

3.4.2 Accounting for Propagation Delay

The propagation delay within a datacenter is not negligible as compared to the

transmission time of a cell. This means that a cell sent at time slot t will not be

received within the same slot at the receiver. More generally, say that the cell
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Figure 3.7: Fabric schedule for a network with N = 7 end-hosts (odd N) and N =
8 end-hosts (even N) after accounting for propagation delay. For the original
fabric schedule with 8 end-hosts refer to Figure 3.4.

is received at slot t + k. For the feedback mechanism described in Section 3.3.6

to work optimally in the face of propagation delay, there should be at least k

slots from the time end-host i transmits to end-host j and the time end-host j

transmits to i, as j needs to know the destination of the last cell that i sent to j

to send back the right rate limit feedback.

Fortunately, we can easily re-arrange any cyclic permutation schedule, such

as in Figure 3.4, to ensure this property, as long as k is less than half the number

of slots in an epoch—when number of end-hosts, N, is odd, this constraint can

be easily accommodated by inverting the order of the last N−1
2 columns in the

schedule. This would ensure that there are exactly N−1
2 slots between the slot in

which i communicates with j and the one in which j communicates with i. This

is shown in Figure 3.7(a). For even N, this is slightly more complicated as it re-

quires to introduce an additional empty slot per end-host to satisfy this require-

ment as demonstrated in Figure 3.7(b), consequently resulting in a throughput

reduction by a factor of 1
N for each end-host, which is negligible for any practical

value of N.
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3.4.3 Cell Re-ordering and Re-assembly

The sequence number field in each cell’s header is used to assemble cells

in-order at the destination. Note that Shoal’s congestion control is resilient

to re-ordering, as it operates at the granularity of individual subflows with

a congestion window of size 1. Once the cells have been reordered, the

start-of-packet and end-of-packet fields in the cell header are used to

figure out the packet boundary, and the cells within each packet boundary are

then assembled together to re-construct the original packet.

3.4.4 Failures

In this section, we discuss how Shoal deals with failures. In particular, we focus

on two kinds of failures—(i) cell corruption, and (ii) component failures.

Cell corruption. Shoal uses the Checksum field in the cell header to check

for cell corruption due to bit flips. If end-host j receives a corrupted cell from

end-host i, it first extracts the header fields corresponding to congestion control,

namely the rate limit feedback and last-cell-dropped, and then dis-

cards the cell. It also signals the sender i that the cell was dropped by setting

the last-cell-dropped field to 1 in the header of the next cell sent to end-

host i. End-host i then re-transmits the last cell it sent to end-host j. Since

the last-cell-dropped field in the corrupted cell might also have been cor-

rupted, end-host j takes the conservative approach of assuming the field was

set to 1 and re-transmits the last cell it sent to end-host i. Further, if the rate

limit feedback field also happens to be corrupted, the queue bound as de-

scribed in Section 3.3.6 might get violated and there could be tail drops in the
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worst case. Shoal again uses the last-cell-dropped field in the cell header

to notify the sender of any tail drop.

Component failures. To detect component failures, such as a switch or an end-

host or a link failure, Shoal relies on the fact that an end-host sends a cell to

every other end-host in the network, even if there is no traffic to send, once

every epoch. A path refers to the set of links and switches through which an

end-host j sends a cell to some other end-host i once every epoch.

When an end-host i does not receive a cell from an end-host j in its corre-

sponding slot, either due to path failures or end-host failure, it conservatively

infers that end-host j has failed, and i) stops sending any further cells to j, ii)

notifies other end-hosts that it can no longer communicate with j, so other end-

hosts stop forwarding cells destined to j via i, iii) forwards the last cell (if it

happens to be i’s local cell) it sent to j via some other end-host, and iv) discards

all the outstanding cells it was supposed to forward to j. Shoal relies on a higher

layer end-to-end transport protocol to recover from the loss of those outstand-

ing cells. Finally, in case of an actual end-host failure, Shoal again relies on the

transport protocol to recover all the cells that were queued to be forwarded at

the failed end-host. If the failed node (switch or end-host) was the primary clock

reference for synchronization, another node needs to take over and remaining

nodes switch to it as the new reference. International Telecommunication Union

(ITU) standard for Synchronized Ethernet (SyncE) [166] already supports this.

Note that the failure detection mechanism is symmetric—when end-host i

infers that end-host j has failed, it immediately stops sending cells to j, causing

j to infer that i has failed, and hence immediately stop sending cells to i. This

ensures that Shoal’s congestion control (Section 3.3.6) is robust to failures.
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One of the consequences of Shoal’s design is if an end-host can no longer

“directly” communicate with some other end-host, either because the other end-

host or the path to it has failed, it hurts Shoal’s throughput as the corresponding

slot is marked as failed and hence goes unused. We evaluate network perfor-

mance against fraction of failed end-hosts in Section 3.7.5.

3.5 Hardware Implementation

In this section, we discuss our FPGA-based implementation of Shoal’s switch

and NIC. Our implementation is written in Bluespec System Verilog [118]

(∼1,000 LOCs). We synthesize our implementation on a Terasic DE5-Net

board [113] comprising an Altera Stratix V FPGA [154] with 234 K Adaptive

Logic Modules (ALMs), 52 MBits SRAM, and four 10 Gbps ports. Our design

runs at a clock speed of 156.25 MHz, thus each clock cycle is 6.4 ns.

3.5.1 Switch Implementation

Our circuit switch operates at layer 1, i.e., data traversing the switch is routed

through the Physical (PHY) layer at the ingress and egress ports (Figure 3.8).

The mapping between the ingress and egress ports varies at every time slot ac-

cording to the static schedule. This mapping is implemented using p different

p:1 multiplexers, where p is the number of ports in the switch. The control sig-

nals to these multiplexers are driven by p registers, one per multiplexer. In each

time slot, all the p registers are configured in parallel according to the schedule.

Hence, the switch reconfiguration delay is simply the time it takes to update
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Figure 3.8: Switch and NIC implementation with the latency of each block.
Clock cycle is 6.4 ns. N = number of end-hosts. The NIC scheduler is imple-
mented using PIEO (Chapter 2).

the registers, which can be done in one clock cycle. Our switch is driven by

the clock that drives the interface to PHY. The interface to 10G Ethernet PHY

(XGMII) runs at 156.25 MHz, resulting in reconfiguration delay of 6.4 ns for our

switch. However, for higher link speeds the clock frequency can be higher, for

e.g., at 50 Gbps, the interface to PHY (LGMII) runs at 390.625 MHz [164], yield-

ing a reconfiguration delay of 2.5 ns.

The transmit and receive paths of the switch are located in two separate clock

domains: the transmit path is driven by the clock distributed across all the nodes

99



(switches and NICs) in the network, while the receive path is driven by the clock

recovered from the incoming bits. To safely execute the Clock Domain Crossing

(CDC), we use synchronization FIFOs.

The total port-to-port latency of our switch is 50 cycles (320 ns). The latency

is dominated by the PHY layer (45 cycles), whereas switching (1 cycle) and syn-

chronization FIFO (4 cycles) account for only 5 cycles.

In terms of resource consumption, assuming 64-port switches, our switch

implementation consumes 2% of ALMs and 0.2% of SRAM.

3.5.2 Network Interface Card (NIC) Implementation

Figure 3.8 shows the routing and congestion control pipelines implemented in

Shoal’s NIC. Each NIC maintains a cell cache on the on-chip memory, of size

N − 1 cells, which stores the next cell to forward per intermediate end-host.

Remaining cells sit in the DRAM.

The backpressure-based mechanism underpinning Shoal’s congestion con-

trol (Section 3.3.6) is implemented using two vectors of size N − 1 each, that

record the last cell sent (received) to (from) each intermediate end-host, and a

(N − 1)× (N − 1) matrix that stores the rate limit feedback received from each in-

termediate end-host for each active local flow. A packet scheduler uses these data

structures to schedule local cells into a ready queue in accordance with the logic

described in Section 3.3.6. We use PIEO (Chapter 2) to implement the scheduler.

NIC latency is dominated by the Physical (PHY) and Medium Access Con-

trol (MAC) layers (in total 40 cycles on the transmit path and 50 on receive),
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Figure 3.9: Relative cost of Shoal network vs. packet switch network (PSN).

with the routing and congestion control logic only adding 4 and 5 cycles on the

transmit and receive paths, respectively. Thus, Shoal’s additional mechanisms

impose low overhead.

In terms of resource consumption, assuming a 500 end-host network, our

NIC implementation consumes 84% of ALMs and 13% of SRAM. We also did

a power analysis to quantify the overhead of Shoal’s additional NIC function-

alities over a commercial NIC. We leverage the study done in [56] to translate

the power consumption of our FPGA-based design into an equivalent ASIC de-

sign. Assuming a 500 end-host network, this results in Shoal NIC’s on-chip

extra functionality – routing and congestion control – consuming up to 11% of

the power consumed by commercial ASIC NICs.

3.6 Power and Cost Implications

We now compare the power and cost of a Shoal network to that of a packet-

switched network (PSN). Along with the performance evaluation in Section 3.7,

we demonstrate that for 71% lower power and an estimated cost reduction of
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up to 40%, Shoal’s circuit-switched fabric can reduce tail latency by up to 2× as

compared to state-of-the-art protocols such as NDP [41] atop a PSN.

We analyze a network with 512 end-hosts. For a PSN, we consider state-

of-the-art packet switches [109, 111], which support 64 ports at 50 Gbps and

consume a maximum of 350 W [115]. End-hosts have 50 Gbps NICs with cop-

per cables (i.e., no opto-electronic transceivers) and connecting them using a

full-bisection bandwidth Fattree topology requires 24 such switches. For Shoal,

extrapolating from state-of-the-art circuit switches [167], we estimate that a 64-

port × 50 Gbps circuit switch would consume 38.5 W. To compensate for the

throughput overhead of detouring, each end-host is equipped with 100 Gbps

links. So the Shoal network has 48 circuit switches. Based on current System-

on-Chip (SoC) trends [116], we expect the NIC to be integrated with the CPU

on a single SoC and to benefit from the same 10× reduction in power consump-

tion. Given a typical power consumption of 12.4 W for state-of-the-art 100 Gbps

NICs [110], this would lead to an estimated power consumption of 1.37 W for

Shoal’s NIC (including 11% overhead (Section 3.5.2)) and of 0.62 W for PSN’s.

Thus, total power consumption of the Shoal network is 2.55 KW, 71% lower than

PSN (8.72 KW).

Quantifying the cost of the Shoal network is harder as it requires determin-

ing the at-volume cost of circuit switches. Circuit switches can be electrical

or optical; electrical circuit switches are commercially used in scenarios like

HDTV [167] and are capable of fast switching while fast optical switches only

exist as research prototypes [55, 29, 183, 63, 27, 106, 97]. Thus, instead of focus-

ing on absolute costs, we ask: how cheap would circuit switches need to be, relative

to equivalent packet switches, for Shoal to offer cost benefits over PSN? We assume
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Shoal NICs cost between 2 and 3× PSN NICs to account for the 2× bandwidth

and extra functionality they provide. Figure 3.9 shows how the relative cost of

the Shoal network varies as a function of the relative cost of circuit switches to

packet switches. A Shoal network would cost the same as a PSN as long as cir-

cuit switches are 33.3–41.6% the cost of packet switches while providing power

and performance gains. If the cost circuit switches was 9.6–18.3% of the cost of

packet switches, then Shoal would offer a 40% cost reduction. While absolute

costs are hard to compare as they also depend on several non-technical factors,

the analysis below and our estimations based on hardware costs indicate that at-

volume circuit switches could cost as low as 15% of equivalent packet switches.

We next present a technical analysis to back this estimate.

The lack of buffering, arbitration and packet inspection in circuit switches

means that they are fundamentally simpler than packet switches which should

mean lower cost. For electrical switches, designers often use the switch pack-

age area as a first-order approximation of switch cost—the actual chip area dic-

tates yield during fabrication and therefore fabrication cost while the total pack-

age area dictates the assembly and packaging cost. In state-of-the-art packet

switches 50% of the total area is attributed to memory, 20% to packet processing

logic while 30% is due to serial I/O (SerDes) [146]. Electrical circuit switches,

by contrast, have no memory and packet processing, so the first two compo-

nents have negligible contribution. While the amount of I/O bandwidth in a

circuit switch remains the same, the actual SerDes is much smaller because they

are only retiming the signals, instead of serializing and deserializing data from

a high-rate serial channel to lower-rate parallel channels. Even assuming the

SerDes are only halved in size, the total packaged area for circuit switching

could be as low as 15% that of a packet switch. This agrees with our earlier
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estimate of the relative costs. Overall, this analysis indicates that, with volume

manufacturing, the relative cost of electrical circuit switches can be low enough

for Shoal to simultaneously reduce both power and cost as compared to PSN.

Looking ahead, optical circuit switches hold even more promise: as band-

width increases beyond 100 Gbps per channel, copper transmission becomes

noise limited even at intra-rack distances and optical transmission becomes nec-

essary [112]. Optical circuit switches further reduce cost and power because

they obviate the need for expensive transceivers for opto-electronic conversions.

However, a few technical challenges need to be solved for optical switches to be

used in Shoal [9]. For example, while several technologies being studied in the

optics community can achieve nanosecond switching, practical demonstrations

have been limited to 64–128 ports [22]. Another longstanding challenge is to

achieve fast CDR at layer 0 although recent work has shown the feasibility of

such CDR within 625 ps [24].

3.7 Evaluation

In this section, we evaluate Shoal using a small-scale FPGA-based prototype

and large-scale simulations.

3.7.1 Prototype

We first evaluate Shoal using a small prototype comprising eight end-hosts. Our

prototype comprises eight Terasic DE5-Net boards [113], each with an Altera

Stratix V FPGA [154] and four 10 Gbps ports. Two FPGAs are used to implement
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eight NICs, one per port. The remaining six FPGAs implement six 4-port circuit

switches. The switches are connected in a two-tier Fattree topology with full

bisection bandwidth, as shown in Figure 3.10. We connect all eight FPGAs to

a PCIe expansion system which is then connected to a Dell T710 server. We

distribute the global PCIe clock to the Phase-locked Loop (PLL) circuit running

on each FPGA. Thus all the local clocks derived from the respective PLL on each

FPGA are frequency synchronized. For time synchronization we use Datacenter

Time Protocol (DTP) [100].

Guard band. Our prototype achieves synchronization precision of less than a

clock cycle. Further, the switch reconfiguration delay is one clock cycle (Sec-

tion 3.5.1), and all wires are of same length. Hence a guard band of one clock

cycle (6.4 ns) is sufficient.

Slot size. To keep the guard band overhead to around 10%, we select a slot size

of 12 clock cycles (76.8 ns). This includes 1 cycle of guard band overhead and

24 B (3 cycles) of Altera MAC overhead. Thus the usable slot size equals 8 cycles

(51.2 ns), i.e., 64 B cells at 10 Gbps link speed. The epoch size equals 0.53 us.
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Figure 3.11: [Prototype] Average destination throughput for full permutation
matrix.

Next, we used the prototype to verify that our implementation achieves

throughput and latency in accordance with the design. We also use it to cross-

validate our simulator which, in turn, is used for a large-scale evaluation re-

garding the viability and benefits of a real world deployment of Shoal.

3.7.2 Prototype Experiments: Throughput and Latency

Throughput. We consider a permutation matrix with N = 8 flows: each end-

host starts a single long-running flow to another random end-host such that

each end-host has exactly one incoming and outgoing flow. For throughput, this

is the worst-case traffic matrix. In Figure 3.11, we show performance in terms of

destination throughput, measured as the amount of “useful” cells (i.e., excluding

the cells to forward and the empty ones) received by each destination. For full

permutation matrix, the throughput for Shoal is expected to converge to ∼50%

of the ideal throughput. Interestingly, however, the throughput is significantly

lower for smaller slot sizes, and it converges towards 50% only for larger slot

sizes. This is an artifact of the small scale of our prototype, which causes the
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host-to-host cell propagation latency (1.57 us: 40 ns of wire propagation latency

+ 3×320 ns of switching latency (dominated mostly by Altera 10G PHY latency)

for three switches along the path + 576 ns of Altera 10G MAC and PHY latency

at the two end end-hosts (Figure 3.8)) to be higher than the epoch size (0.53 us

for 64 B cells). The problem is that Shoal’s congestion control mechanism pre-

vents an end-host from sending its next cell to an intermediate end-host until it

has received feedback from it. Therefore, if the cell propagation latency spans

multiple epochs, the overall throughput suffers as senders cannot fully utilize

their outgoing bandwidth. As the slot size increases, the ratio between the cell

propagation latency and the epoch size decreases, and this explains why in our

prototype the throughput improves with larger slots. In practice, however, even

for modest-sized networks, this issue will not occur as the cell propagation la-

tency will be much smaller than the epoch size, and can be easily accommodated

in the schedule as explained in Section 3.4.2.

Finally, we measured the queue size for a permutation workload with dif-

ferent number of flows. With only one flow in the system, the maximum queue

occupancy is one cell. As more flows are added, the queues grow up to a max-

imum of two cells. This is consistent with the queue length analysis in Sec-

tion 3.3.6 because each end-host is sourcing at most one flow and it is receiving

at most one.

Latency. We consider all-to-one incast, where seven end-hosts each send 448 B

of data (seven 64 B cells) to the same destination at the same time. Figure 3.12

shows the distribution of flow completion time (FCT) of all seven flows. The

queue at each end-host corresponding to the destination end-host grows up to

a maximum of 7 (Equation 3.5). This results in maximum FCT of 6.9 us : 3.76 us
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Figure 3.12: [Prototype] Flow completion time for 7:1 synchronized incast.

of queuing delay plus 2×1.57 us of propagation latency. Also note that the dif-

ference between the fastest and slowest flow is fairly small (6.05 us vs. 6.9 us),

highlighting Shoal’s fair queuing.

3.7.3 Simulation

We complement the prototype experiments in Section 3.7.2 with large-scale sim-

ulations to investigate the scalability of Shoal.

We use a custom packet-level network simulator written in C that was cross-

validated against our prototype. We simulate a network with 512 end-hosts,

where each end-host is equipped with an interface bandwidth of 100 Gbps and

connected using a full bisection bandwidth Fattree topology of circuit switches.

Guard band. We assume a guard band of 2.75 ns, based on a 2.5 ns switch re-

configuration delay (Section 3.5.1) and 0.25 ns to account for any variability in

propagation (0.2 ns) and synchronization imprecision (50 ps), as discussed in

Section 3.3.7.
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Figure 3.13: Average destination throughput vs. size of permutation matrix.

Slot size. To keep the guard band overhead to around 10% (resulting in max

throughput of 90 Gbps), we select the slot size of 23.25 ns. This results in 20.5 ns

of usable slot size. As explained in Section 3.3.7, we use the fact that existing

100 Gbps links comprise 4×25 Gbps channels, resulting in 4 parallel uplinks and

an epoch size of 2.9 us. Finally, usable slot size of 20.5 ns translates to 64 B cells

at 25 Gbps channel speed.

3.7.4 Simulation Experiments: Microbenchmarks

We start with a set of microbenchmarks to verify that the behavior observed

in our prototype holds at large scale too. In particular, the microbenchmarks

evaluate the throughput, fairness, and latency properties of Shoal.

Throughput. In Figure 3.13, we plot the average destination throughput, as

defined in Section 3.7.2, for the permutation traffic matrix: each communicat-

ing end-host sends and receives one flow. We vary the number of communi-

cating pairs from 1 to 512. As there is no contention at any of the source and

destination end-hosts, the ideal destination throughput equals the maximum
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Figure 3.14: Flow completion times against synchronized short flow incast.

interface bandwidth. However, for Shoal, as the number of communicating

pairs increases, so does the amount of detouring traffic, resulting in the ex-

pected throughput trend: it starts from the peak value for a single flow and

then monotonically decreases until it halves when all pairs are communicating

(full permutation traffic matrix).

Fairness. To verify Shoal’s fairness, we ran several workloads comprising a

variable number of flows from 50 to 1,024 with randomly selected sources and

destinations. We compared the throughput achieved by each flow against its

ideal throughput computed using the max-min water-filling algorithm [13].

Across all workloads, 99% of the flows achieve a throughput within 10% of

the ideal one. This shows that, despite the simplicity of its mechanisms, Shoal

closely approximates max-min fairness.

Latency under Incast. We evaluate Shoal under incast, the most challenging

traffic pattern for low latency. A set of end-hosts send a small flow of size 130 KB

each, to the same destination at the same time. In Figure 3.14, we plot the flow

completion time (FCT) of the slowest flow as well as the mean completion time,
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Figure 3.15: Reduced impact of detouring on latency via optimizations in Sec-
tion 3.3.6.

against increasing number of sending end-hosts. As expected, at each inter-

mediate end-host, the queue corresponding to the destination end-host grows

linearly with increasing number of sending end-hosts, but bounded by the in-

cast degree of the destination (Equation 3.5). Hence the FCT for the slowest flow

increases linearly and is also the optimal maximum FCT under such incast. The

mean completion time coincides with the slowest flow’s FCT, thus highlighting

Shoal’s fair queuing.

Reducing the impact of detouring on network latency. To show that the op-

timizations described in Section 3.3.6 indeed improve the network latency, we

choose two end-hosts, Host-511 (source) and Host-0 (destination), to exchange

short flows (20 KB) at regular intervals, and generate random background traffic

amongst the remaining end-hosts. We plot the distribution of flow completion

time (FCT) of short flows exchanged between end-hosts 511 and 0 in Figure 3.15.

The optimizations described in Section 3.3.6 to reduce the cell latency at the

source and the intermediate end-host enable Shoal to achieve much smaller and

predictable flow completion time for target short flows—at the source, Shoal se-

lectively adds cells to local queues where there is low contention, and at the in-
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termediate end-host the queue length is bounded to two regardless of the cross-

traffic, as the incast degree of Host-0 is one (Equation 3.5). However, without

the optimizations, the cross-traffic due to detouring significantly increases the

flow completion time of target short flows.

3.7.5 Simulation Experiments: Datacenter Workloads

We next investigate the performance of Shoal in dynamic settings, using more

realistic datacenter workloads.

Workload. We generate a workload modeled after published datacenter

traces [2, 36]. Flow sizes are heavy tailed, drawn from a Pareto distribution with

shape parameter 1.05 and mean 100 KB [3, 4]. Flows arrive according to a Pois-

son process and each simulation ends when one million flows have completed.

Flow sources and destinations are chosen with uniform probability across all

end-hosts (we will evaluate the performance of Shoal against skewed work-

loads in Section 3.7.6).

Network load. We define network load L = F
R·N·τ where F is the mean flow size,

R is the per-host bandwidth, N is the number of end-hosts, and τ is the mean

inter-arrival flow time, e.g., L = 1 means that, on average, there are N active

flows in the network.

Evaluation metric. We evaluate Shoal based on the average and 99.9 percentile

flow completion time (FCT) for short flows (flow size ≤ 100 KB) and average

goodput (i.e., throughput after accounting for the cell header overhead) for long

flows (flow size ≥ 1 MB).
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Baseline 1: Direct-connect network. We start with comparing Shoal against a

network using a direct-connect topology. We arranged the 512 end-hosts into a

3D torus. As with the Shoal network, we assume an aggregate end-host band-

width of 100 Gbps. We use R2C2 [25] for congestion control. For all values of

load, Shoal consistently outperforms the direct-connect network up to a factor of

14.9 for tail FCT for short flows (respectively a factor of 4.8 for average goodput

for long flows). This is due to the multi-hop nature of direct-connect topologies;

it significantly increases the end-to-end latency as queuing can occur at any

hop. Further, end-host bandwidth is also used to forward traffic originating

several hops away, which reduces the overall throughput. This does not occur

in Shoal as packets only traverse one hop and the congestion control guarantees

bounded queues.

Baseline 2: Packet-switched network. Now we compare Shoal against a

packet-switched network (PSN) with 512 end-hosts, that connects the end-hosts

using a Fattree topology with full bisection bandwidth. The interface band-

width of each end-host is 50 Gbps. Thus Shoal is provisioned with 2× band-

width, to compensate for the throughput overhead of detouring packets. Note

that despite the extra bandwidth, Shoal’s power is still estimated to be lower

than that of PSN with a comparable or lower cost (Section 3.6). As baselines, we

use DCTCP [2], NDP [41], and DCQCN [187] as the three state-of-the-art packet-

switched network designs. The baselines are based on the simulator used in

[41]. We assume 1500 B packets for all of them. DCTCP and DCQCN use stan-

dard Equal-cost Multi-path (ECMP) routing, with the congestion window size

of 35 packets and queue size of 100 packets. NDP uses packet spraying for rout-

ing with initial window size of 35 packets and queue size of 12 packets.
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Figure 3.16: Flow completion time (short flows ≤100 KB) vs. traffic load.

Figure 3.17: Average flow goodput (long flows ≥1 MB) vs. traffic load.

As shown in Figure 3.16, at low to moderate load, Shoal exhibits an average

FCT comparable to DCQCN and DCTCP and slightly higher than NDP. This

increase is a consequence of the use of detouring due to the static schedule.

However, Shoal outperforms DCTCP and DCQCN in terms of tail FCT for short

flows by a factor of 3× at low load and 2× at high load (respectively outper-

forms NDP by a factor of 1.5× and 2×). The reason for this is three-fold: i) 2×

bandwidth per end-host in Shoal reduces the serialization delay, ii) selectively

adding cells from new flows to local queues with low contention reduces queu-

ing delay at the source, and iii) Shoal’s congestion control ensures small and
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Figure 3.18: Max queue size and max cell re-ordering vs. traffic load.

Figure 3.19: Short flow 99.9 percentile FCT and long flow average goodput vs.
failures.

bounded queuing at intermediate end-hosts, thus reducing the queuing delay

at intermediate end-hosts. Shoal also outperforms all three baselines in terms

of long flow goodput (Figure 3.17) by a factor of 1.7×, even at high load. This is

primarily because each Shoal end-host is equipped with more bandwidth.

Queuing and re-ordering. To validate our claim that Shoal operates with very

small queues, we plot the maximum queuing observed across all end-hosts in

Figure 3.18. Even at high load, the maximum queue size is 11 cells (704 B) and

the maximum aggregate queue per end-host is 336 cells (21 KB). Maximum cell

re-ordering within a flow across all end-hosts and across all values of load is

200 KB (Figure 3.18).
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Failures. We now focus our attention to the impact of failures. We ran the

same workload as in the previous experiments (L = 1) but at the beginning of

each experiment we fail an increasing fraction of end-hosts (up to 50%). As

expected, the goodput decreases linearly (2× worse for 50% failure rate, Fig-

ure 3.19) because the slots corresponding to the failed end-hosts are wasted. We

can alleviate this with a more sophisticated mechanism that, on detecting long-

term failures, updates the schedule of both end-hosts and switches to discount

the failed end-hosts. FCT also increases with increasing failed end-hosts, as the

number of paths along which cells from a flow can be sent is reduced, resulting

in higher subflow collision and increased queuing. However, Figure 3.19 shows

that even for high failure rate the increase in completion time is rather marginal,

e.g., 1.5× for a 40% failure rate (respectively 1.2× for 20% failure rate).

Impact of epoch size on network latency. Larger epoch size results in higher

latency (Section 3.3.7). In the first experiment, we reduced the number of chan-

nels from 4×25 Gbps to 2×50 Gbps, thus doubling the epoch size. This increased

tail FCT by 1.26× at low load (respectively 1.15× at high load). In the second

experiment, we kept the number of channels constant at 4, and increased the

number of end-hosts to 1,024, again doubling the epoch size. In this case, tail

FCT at low load grew by 1.28× (respectively 1.2× at high load). This shows that

Shoal’s performance degrades slowly with increasing number of end-hosts.

3.7.6 Simulation Experiments: Disaggregated Workloads

Finally, we evaluate the performance of Shoal on disaggregated workloads,

based on recently published traces [34]. These traces comprise a variety of real-
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(a) Flow completion time (b) Average flow goodput

Figure 3.20: Flow completion time (short flows ≤100 KB) and average flow
goodput (long flows ≥1 MB) for different applications with disaggregated work-
load.

world applications, including batch processing, graph processing, interactive

queries, and relational queries. To generate the workloads, we mapped each

end-host to one of the server resources (CPU, memory, and storage) and created

flows between them following the distributions observed in these traces. This

yielded a much more skewed workload than the one in Section 3.7.5 with more

than 84% of the flows being generated among a third of the end-hosts.

Figure 3.20 shows the results for all the six applications, assuming a mean

inter-arrival time of 12.65 ns. Shoal significantly outperforms the baselines in

terms of both the tail FCT for short flows (factor of 2× or more) and average

goodput for long flows (factor of 2.5×). As explained in Section 3.7.5, this is

due to higher bandwidth provisioning in Shoal in combination with its highly

effective scheduling and congestion control mechanisms (resulting in maximum

queue size of just 10 cells across all applications).
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These results show the versatility of Shoal and its ability to carry different

types of traffic, including disaggregated workloads, with high throughput and

low latency.

3.8 Discussion

3.8.1 Running Applications on top of Shoal

Shoal is a link layer architecture with support for congestion control. Running

applications on top of Shoal, however, requires a transport layer providing ap-

plication multiplexing, reliability, and flow control. One option would be to

re-use an existing transport layer such as Transmission Control Protocol (TCP),

although the impact of the interaction of its congestion-control mechanism with

Shoal’s remains an open question. Another approach would be to design a

Shoal-specific transport layer. This would be significantly simpler than exist-

ing transport layers as the complexity of congestion control is already handled

by Shoal. We leave the exploration of these options for future work.

3.8.2 Quality-of-Service on top of Shoal

By default, Shoal assumes that each cell belongs to the same traffic class, and

schedules them using a single per destination FIFO queue. However, Shoal can

be easily extended to support multiple traffic classes by maintaining multiple

per destination FIFO queues, one per traffic class, and scheduling cells from

the FIFOs in the order of their priority. Note that in this case the queue bound
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(Section 3.3.6) will only hold for the highest priority traffic, while the lower

priority traffic can see tail drops. To notify the sender of the tail drop, the end-

host sets the last-cell-dropped field to 1 in the header of the next cell it

sends to the sender. And finally, the rate limit feedback for a single traffic class

in Equation 3.6 is updated for multiple traffic classes as follows—for a cell in

traffic class c,

rate limit feedbackc
ji =
∑

p

[len(Qp
jk)+len(Rp

jk)−1] ∀ p s.t. priority(p) � priority(c)

3.9 Summary

In this chapter, we presented Shoal, a switching fabric for datacenters compris-

ing entirely of fast reconfigurable circuit switches. The fabric operates like a

giant network-wide switch with a static, pre-defined schedule that creates a

virtual full mesh topology. Shoal achieves bounded network throughput by

detouring the network traffic uniformly, and implements backpressure-based

congestion control which achieves fairness and bounded queuing. Our FPGA-

based prototype achieves good performance and illustrates that Shoal’s mecha-

nisms are amenable to hardware implementation. Overall, we show that Shoal

can effectively scale to high switching speeds in a cost and power efficient

manner while achieving high throughput and low latency across diverse work-

loads.
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CHAPTER 4

RELATED WORK

4.1 High-speed End-host Network Stacks

Traditionally network stacks have been implemented inside the Kernel at the

end-hosts. This provides ease of protection, isolation, and resource sharing.

However, as the performance requirements inside datacenters have become

more stringent, such as microsecond tail latency and high packet rates, tradi-

tional Kernel-based network stacks have proven to be inadequate. This has

prompted three broad alternative approaches:

Kernel optimized network stacks. Several proposals have been made to im-

prove the existing Kernel-based network stacks. Affinity-accept [84] reduces

overheads by ensuring all processing for a network flow is affinitized to the

same core. Zero-copy sockets [144] improve performance by reducing the num-

ber of data copies. Busy polling driver mode [45] in Linux Kernel improves la-

tency at the cost of CPU utilization. FastSocket [64] improves the performance

for short-lived connections by eliminating various lock contentions in the entire

stack. MegaPipe [40] and StackMap [182] propose new APIs to achieve zero

copy and improve I/O multiplexing, at the cost of requiring application modi-

fications.

User space network stacks. Motivated by the fact that Kernel optimized net-

work stacks still inherit several Kernel overheads, several proposals have been

made to bypass the Kernel and implement the network stack in the user space.

Examples include SandStorm [70], mTCP [49], Seastar [120], F-Stack [114], Lib-
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VMA [141], OpenOnload [169], DBL [147], LOS [44], and TAS [53]. While user

space network stacks improve upon the performance of Kernel-based network

stacks, it comes at the cost of lack of protection and isolation, e.g., application

bugs and crashes can corrupt the networking stack and impact other workloads.

Motivated by this observation, IX [10] and Arrakis [85] were proposed. The key

idea is to separate the control plane (used to provide protection and isolation)

from the high-performance data plane (used for network processing). In ad-

dition, there have been several high performance packet I/O frameworks pro-

posed, e.g., Netmap [91], NetSlice [69], Intel DPDK [119], that allow direct ac-

cess to NIC queues in user space, and are used by many of the aforementioned

systems.

Hardware offloaded network stacks. As link speeds inside datacenters increase

to 100 Gbps and beyond, software network stacks, both Kernel-based and user

space, start to hit performance bottlenecks. As a result, recently several systems

have been proposed that offload either part or whole of the network stack on to

the hardware such as a NIC. Examples include RoCE NICs [168], AccelNet [33],

FreeFlow [54], SocksDirect [60], AccelTCP [79], and Tonic [6]. This dissertation

presented PIEO, which offloads packet scheduling, a key network stack func-

tionality, to the NIC for higher performance.

4.2 High-speed Programmable Network Data Plane

The hardware implementations of the network data plane have traditionally

been fixed-function as it was believed that a programmable architecture would

compromise on the stringent performance requirements, such as line rate for-
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warding. However, more recently there have been several data plane archi-

tectures proposed that achieve both programmability and high-performance.

RMT [16] proposes a reconfigurable match-action table architecture for pro-

grammable packet header processing, that has already been implemented on

a wide-range of targets including software [94], FPGA [176, 46], and ASIC [148].

dRMT [23] improves on the resource efficiency of RMT by disaggregating mem-

ory and compute resources. FlowBlaze [86] and Domino [103] extend the RMT

architecture to support stateful packet processing. Marple [81] presents a pro-

grammable architecture for network performance monitoring on the switches.

Tonic [6] proposes a programmable architecture for the transport layer, while

PIFO [104], AFQ [95], and CalQ [96] propose programmable architectures for

packet scheduling. This dissertation presented PIEO, which is a new pro-

grammable architecture for packet scheduling that is more expressive than

any state-of-the-art solutions, while also being highly scalable and high-speed.

Somewhat complementary to our work, Loom [105] proposes a flexible packet

scheduling framework in the NIC, using a new abstraction for expressing

scheduling policies, and an efficient OS/NIC interface for scheduling, while

leveraging the PIFO scheduler for enforcing the scheduling policies. In prin-

ciple, systems like Loom can use PIEO scheduler instead of PIFO and achieve

more expressibility and scalability.

4.3 Switching Fabric Topologies and Technologies

Several topologies have been investigated for datacenter switching fabric, both

at datacenter-scale and rack-scale. The most widely used topology in datacen-

ters is a Folded Clos topology, such as Fattree [1], built using commodity Eth-
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ernet switches. There have also been proposals for a flat topology of switches,

such as Jellyfish [102], LongHop [107], Slimfly [14], and Xpander [170]. These

topologies promise higher capacity fabrics for the same cost as a Clos network.

However, there are sizable differences in performance even across flat topolo-

gies [51]. In particular, flat topologies that emulate a good expander graph [124],

such as Jellyfish and Xpander, achieve much higher performance. At rack-scale,

there have been proposals for direct-connect topologies whereby each end-host

is connected directly to a small subset of other end-hosts through point-to-point

links, such as a 3D Torus topology [157, 82]. Such topologies are extremely

cost and power efficient, as they do not rely on expensive power-hungry packet

switches, and have also been shown to achieve high-performance for long-

running traffic.

The topologies discussed above are all statically wired topologies, and hence

they cannot be altered dynamically. Motivated by the fact that the datacen-

ter traffic can be skewed and unpredictable over time, there have also been

proposals for dynamic topologies that leverage flexible electrical [59, 19], op-

tical [31, 175, 20, 87, 39, 185, 35] or wireless [38] connections to operate like a

circuit switch and dynamically alter the topology in response to the current traf-

fic pattern. However, these solutions typically rely on a centralized controller

to schedule traffic. This imposes significant communication and computation

overhead and requires accurate demand estimation.

In 2002, load balanced switches [18] were proposed as a way to obviate ar-

bitration in monolithic packet switches. This inspired the design of Shoal and

a related work done concurrently with this dissertation called RotorNet [74],

both of which operate like a load balanced switch, except instead of using an
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explicit intermediate stage as in the original proposal, Shoal and RotorNet de-

tour cells through other end-hosts in the network. Furthermore, while the orig-

inal proposal was for a single monolithic packet switch, both Shoal and Ro-

torNet scale the idea to an entire switching fabric comprising circuit switches.

However, RotorNet leverages circuit switches with high reconfiguration delay

(20 µs) and hence, requires a separate packet-switched network for low-latency

traffic. It also does not ensure bounded queuing. In contrast, Shoal leverages

circuit switches with nanosecond reconfiguration, and proposes a novel conges-

tion control that achieves high throughput, low latency, fairness, and bounded

queuing for all traffic atop a purely circuit-switched fabric. A more recent work,

called Opera [73], builds upon the design of Shoal and RotorNet by allowing

packets from low-latency traffic to take multiple hops to the destination, as op-

posed to at most one hop as in Shoal and RotorNet, while all other traffic is

still routed via at most one hop to the destination. This design reduces the wait

time for the low-latency traffic at the intermediate nodes, and has been shown

to achieve better end-to-end latency. However, Opera relies on the heavy-tailed

traffic distribution [36] within datacenters to unlock its benefits, whereas Shoal

and RotorNet are agnostic to the traffic distribution.

4.4 Congestion Control via Tight Host-Fabric Coupling

Unlike the Internet, datacenter networks are characterized with smaller scale,

structured topologies, and easily customizable networking hardware. All

this has led to an ongoing trend of increased coupling between the conges-

tion control algorithms running at the end-hosts and the datacenter switch-

ing fabric. Examples include congestion control protocols such as DCTCP [2]
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and DCQCN [187] that use Explicit Congestion Notification (ECN) [125] from

the switches to compute the sending rate for flows, pFabric [4] that uses in-

network scheduling at the switches to reduce the average flow completion time,

NDP [41] that uses the payload cut mechanism [21] inside the switches for an

early packet drop notification, and RCP [28] and HPCC [62] that use queuing

information at the switches to compute the sending rate for flows. This disser-

tation presented Shoal, which is an extreme design point in this direction as the

coupling of its congestion control to its fabric achieves bounded queuing (unlike

above protocols) and fairness despite very high multi-pathing.
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CHAPTER 5

FUTURE WORK

5.1 High-speed Programmable Architectures for Middleboxes

Traditionally network middleboxes are implemented either on fixed-function

hardware devices (compromising on flexibility) or on commodity servers (com-

promising on performance, such as latency). A high-speed programmable hard-

ware architecture for middleboxes can potentially provide both flexibility and

high-performance. This also opens up several interesting research directions.

Programmable architectures for Network Functions (NFs). Recent pro-

grammable hardware architectures for network data plane have focused pri-

marily on packet header processing [16, 86] and packet scheduling [104, 99].

In PIEO, we presented one such architecture for packet scheduling. However,

network middleboxes implement a much wider range of functionalities or Net-

work Functions (NFs), including security (e.g., firewalls), performance (e.g.,

load balancing, Wide-area Network (WAN) optimizers), and support for new

applications and protocols (e.g., Network Address Translation (NAT), Trans-

port Layer Security (TLS) proxies). Further, many of these functionalities are

stateful in nature. This calls for new computation models and hardware archi-

tectures that could express a wide-range of stateful NFs. Going a step further, it

would also be interesting to explore the appropriate division of labor across the

specialized programmable hardware and general-purpose CPUs for NFs.

Virtualizing programmable hardware middleboxes. While commodity server-

based middleboxes have performance overheads, they do allow for Network
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Function Virtualization (NFV) where multiple NFs are consolidated on the same

machine and leverage known virtualization techniques to achieve both resource

and performance isolation. NFV has been shown to significantly simplify the

development and deployment of middleboxes. An interesting research direc-

tion is to adapt the known virtualization techniques for commodity servers (and

potentially propose new virtualization abstractions and techniques) for special-

ized programmable hardware middleboxes, so that one does not have to com-

promise on the benefits of NFV in the quest for higher performance.

Offloading NFs to programmable switches. The presence of programmable

switches in the network present an opportunity for different ways to implement

NFs. Switches sit at a fundamentally different vantage point in the network, and

state-of-the-art programmable switches are capable of performing non-trivial

in-network computations at low latency and line rate. However, these switches

are typically resource constrained. Thus, it would be interesting to explore if

offloading a part or whole of an NF to switches could result in better perfor-

mance, security, etc., without violating the resource constraints on the switches.

This should also provide key insights into the capabilities and limitations of

current programmable switches, that could guide the design of next-generation

programmable switch architectures for in-network computations.

Programming framework for middleboxes. Finally, as we design new pro-

grammable architectures for middleboxes, we would also need new domain-

specific languages and compilers to program those devices. Further, the vision

of distributing NFs across heterogeneous architectures, ranging from special-

ized programmable hardware middleboxes, general-purpose CPUs, and pro-

grammable switches, calls for new languages and compiler designs that could
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express and automatically compile and distribute a given NF across multiple

hardware targets.

5.2 Low Latency Optical Circuit Switching

Optical circuit switching promises unlimited bandwidth scaling at low cost and

power. However, achieving low latency over an optical circuit-switched net-

work still remains a challenge.

Designing low latency data plane for optical circuit switching. State-of-the-

art commercial optical circuit switches reconfigure in the order of few 10s of mi-

croseconds, and have ∼1000 ports. We need to improve on both these fronts for

next-generation optical switches—lower reconfiguration delay is key to achiev-

ing low latency, while higher port count would connect more end-hosts using

a flat topology, which would preclude signal degradation due to multiple hops

and the need for more powerful and costly transceivers to recover the signal.

However, there are two key challenges in building a fast reconfigurable, high

port-count optical switch, namely fast Clock and Data Recovery (CDR) circuit

and scalable crossbar technology. While there have been several advancements

made on both these fronts over the last decade [24, 97, 27, 106, 55, 22, 29, 183, 63],

including nanosecond reconfigurable optical switches, unfortunately those de-

signs still exist as research prototypes, and scaling those designs to datacenter

scale still remains an open challenge.

Designing low latency control plane for optical circuit switching. In Shoal, we

presented the idea of using static schedules to create virtual topologies as a way

to build fast and high-performing control plane for circuit switching. However,
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Shoal explores only one such virtual topology, namely, a full mesh topology.

Fundamentally, one can configure the entries of the static schedule to create

arbitrary virtual topologies, and each virtual topology presents a trade-off be-

tween worst-case throughput and worst-case latency. An interesting direction

going forward is to explore the entire space of virtual topologies to better under-

stand the throughput-latency trade-offs. Going one step further, one can explore

designs with multiple virtual topologies operating in parallel, each serving dif-

ferent classes of applications, e.g., high throughput applications vs. low latency

applications. Such a design is a natural fit for datacenters, that run a mixture of

traffic with different performance objectives [37].

Programmable Hybrid Electro-Optical Networks. In-network computing has

been shown to significantly improve the performance of several key applica-

tions [179, 180, 68, 186, 61]. However, an optically circuit-switched network

precludes a possibility of in-network computation altogether. An interest-

ing research direction is to build a hybrid network comprising both the pro-

grammable packet switches and optical circuit switches, that can potentially al-

low in-network computations while also achieve high network performance at

low cost and power. While there have been a few proposals for hybrid networks

in the past, they primarily optimize for network performance, i.e., throughput

and latency, and do not consider programmability or in-network computation

as an objective. A programmable hybrid network would add in-network com-

putation as a first-order objective on top of the traditional network performance

objectives, and would call for re-visiting several of the conventional network

design choices for the right distribution of packet and circuit switches in the

fabric, topology design, routing, and congestion control.
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CHAPTER 6

CONCLUSION

The slowdown in Moore’s law and the end of Dennard scaling has had, and

continues to have, a profound impact on every field in computing that relies on

transistor-based technology. This dissertation focuses specifically on its impact

on datacenter networking. In particular, we note that it has become increasingly

difficult to scale the speeds of general-purpose processors and packet switches,

the two building blocks of the modern datacenter networking infrastructure. As

a consequence, general-purpose processor-based end-host network stacks and

packet switch-based switching fabrics are no longer able to keep pace with the

ever-increasing link speeds and bandwidth demand inside modern datacenters.

Thus, there is a pressing need for a grounds-up re-thinking of the design of

datacenter networking infrastructure in the Post-Moore era.

To that end, this dissertation looks beyond the general-purpose processors

and packet switches as the building blocks for datacenter networks, and instead

explores the potential of using domain-specific processors and fast (nanosec-

ond) reconfigurable circuit switches for building high-speed end-host network

stacks and switching fabrics. In that pursuit, we identify two fundamental

challenges—(i) designing hardware architecture for domain-specific processors

that achieves the right balance between programmability and performance,

and (ii) designing fast control plane for circuit switching that can schedule

high-performing circuit configurations at nanosecond granularity. To address

these challenges, this dissertation presents two systems, PIEO and Shoal. PIEO

presents the design and implementation of a domain-specific processor for

packet scheduling that is simultaneously programmable and high-performance
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(both scalable and high-speed). While Shoal presents the design and implemen-

tation of a fast control plane for circuit switching that enables a circuit-switched

network that could effectively scale to high speeds while achieving comparable

or better performance than several recent packet-switched network designs at

significantly lower power and cost.

Overall, this dissertation demonstrates that by effectively leveraging the

promise of domain-specific processing and fast circuit switching, through novel

networking primitives and hardware architectures as presented in PIEO and

Shoal, one can indeed build high-performing, high-speed end-host network

stacks and switching fabrics, even in light of continued slowdown in Moore’s

law and the end of Dennard scaling.
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APPENDIX A

PROOF OF INVARIANT 1 AND BOUND ON THE NUMBER OF

SUBLISTS IN PIEO

INVARIANT 1 in Section 2.5.3, which states that there can never be two consecu-

tive partially full sublists in the Ordered-Sublist-Array, ensures that the number

of sublists needed in PIEO’s hardware design to store N elements is bounded

by 2
√

N, where each sublist can store a maximum of
√

N elements. So, we have:

PROPERTY 1: There can never be two consecutive partially full sublists in the

Ordered-Sublist-Array.

Below we provide a formal proof of—(1) PROPERTY 1 is an invariant, i.e., it

always holds, and (2) INVARIANT 1 bounds the number of sublists to 2
√

N.

Claim 1: PROPERTY 1 is an invariant, i.e., it always holds.

Proof. This can be proved by induction. First note that after each operation (en-

queue or dequeue) in PIEO, every sublist will be in one of the three states—full,

empty, or partially full. Further, the Ordered-Sublist-Array is logically partitioned

into a series of non-empty sublists (full or partially full), followed by a series of

empty sublists (Figure 2.6). We will refer to the two partitions as non-empty par-

tition and empty partition respectively. At the start, i.e., before any operations,

all the sublists are empty, and hence PROPERTY 1 holds. This proves the base of

induction. Next, we show that if PROPERTY 1 holds after the kth operation, then

it will also hold after the (k + 1)th operation.

• Case 1: (k+1)th operation is an enqueue operation, i.e., enqueue(f): If the

sublist in which we need to enqueue the new element, S , is initially par-
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tially full, then after enqueue, it will either be still partially full or become

full. In either case, it cannot result in consecutive partially full sublists.

Instead, if S is full and is also the rightmost sublist in the non-empty par-

tition, then we enqueue the new element into S , and enqueue the ejected

element from S into the sublist to the immediate right of S , which is guar-

anteed to be empty as S is the rightmost sublist in the non-empty partition.

After this operation, we have a new partially full sublist, S ′, to the imme-

diate right of S , but it does not violate PROPERTY 1, as the sublist to the

immediate left of S ′, i.e., S , is full, and the sublist to its immediate right is

empty as S ′ is now the rightmost sublist in the non-empty-partition.

Instead, if S is full, and the sublist to its immediate right, S right, is partially

full, then we enqueue the new element into S , and enqueue the ejected ele-

ment from S into S right. Thus, after the operation, the state of S remains full

as before, while the state of S right either remains partially full or changes to

full, neither of which could result in consecutive partially full sublists.

Finally, if S is full, and so is S right, then we enqueue the new element into S ,

and enqueue the ejected element from S into a new sublist that we move

from the empty partition into the non-empty partition and place to the imme-

diate right of S (in cycle 3 and 4 of the enqueue operation (Section 2.5.3)).

After this operation, we have a new partially full sublist, S ′, to the imme-

diate right of S , but it does not violate PROPERTY 1, as the sublist to the

immediate left of S ′, i.e., S , is full, and the sublist to its immediate right,

i.e., S right is also full.

Hence, under all possible scenarios, if PROPERTY 1 holds before an en-

queue operation, it will also hold after the enqueue operation.
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• Case 2: (k + 1)th operation is a dequeue operation, i.e., dequeue() or de-

queue(f): If the sublist from which we need to dequeue an element, S ,

is partially full, then after dequeue, S will either be still partially full, or

become empty. In case S becomes empty, we move it to the empty par-

tition. As a result, if there was a sublist to the immediate left of S, S le f t,

and a sublist to the immediate right of S , S right, then S le f t and S right would

now become consecutive sublists in the Ordered-Sublist-Array. However,

this would not violate PROPERTY 1, as since S was partially full before the

dequeue operation, neither S le f t nor S right could have been partially full.

Hence, even if they become consecutive sublists after this operation, we

still won’t have two consecutive partially full sublists.

Instead, if S is full, then after dequeue, S would become partially full.

Now if both S le f t and S right are also full, then even a partially full S will not

violate PROPERTY 1. However, if either S le f t or S right or both are partially

full, then this operation would result in the violation of PROPERTY 1. To

avoid this, we choose one of the partially full neighbors of S , either S le f t

or S right, and after dequeue from S , we move an element from the chosen

neighbor to S (in cycle 3 and 4 of the dequeue operation (Section 2.5.3)).

This ensures that S remains full even after dequeue, thus never violating

PROPERTY 1. However, the neighbor from which we moved the element

into S could become empty after the operation, and we would need to

move it to the empty partition. However, this would also not violate PROP-

ERTY 1, using the same argument as used in the above paragraph.

Hence, under all possible scenarios, if PROPERTY 1 holds before a dequeue

operation, it will also hold after the dequeue operation.
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Claim 2: INVARIANT 1 ensures that 2
√

N sublists, of size
√

N each, are suffi-

cient to store N elements in PIEO.

Proof. Let us assume that we need x sublists, of size
√

N each, to store N elements

in PIEO. Then, each of the x sublists will have at least one element. Further, since

INVARIANT 1 holds, hence at least x−1
2 of the sublists must be full (if x is odd),

and respectively x
2 (if x is even), to ensure there are no two consecutive partially

full sublists.

Assuming x is odd, there must be at least (
√

N x−1
2 +

x+1
2 ) elements in PIEO.

√
N

x − 1
2
+

x + 1
2
≤ number o f elements in PIEO (A.1)

Further, the number of elements in PIEO is bounded by N, i.e.,

number o f elements in PIEO ≤ N (A.2)

Hence, from Equation A.1 and Equation A.2, we have,

√
N

x − 1
2
+

x + 1
2
≤ N (A.3)

On solving for x, we get,

x ≤
2N +

√
N −1

√
N +1

<
2N +

√
N −1

√
N

< 2
√

N +(1 −
1
√

N
)

< 2
√

N since the second term is < 1

(A.4)

Similarly, assuming x is even, Equation A.3 would change to,

√
N

x
2
+

x
2
≤ N (A.5)
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And on solving for x, we would get,

x ≤
2N
√

N +1

<
2N
√

N

< 2
√

N

(A.6)

Hence, either way, we get x < 2
√

N, i.e., 2
√

N sublists are sufficient to store N

elements in PIEO.

136



APPENDIX B

GLOSSARY OF TERMS

• 10GBase-SR. 10GBase-SR (SR stands for ”short range”) is a port type

for optical fibers used for communication over short distances. It

uses 850 nanometer lasers to deliver serialized data at a line rate of

10.3125 Gigabaud. See also Port, Serialization-Deserialization (SerDes), Serial

Communication Channel, Fiber (optical).

• 3D Torus. In networking, a torus is a network topology for connecting

compute nodes. A 3D torus is a three-dimensional torus where nodes are

imagined connected in the shape of a rectangular prism, with each node

connected with its 6 neighbors. See also Network Topology, Compute Node.

• Adaptive Logic Module (ALM). The Adaptive Logic Module (ALM) is

the basic building block of the FPGAs used in this dissertation. ALMs

are used to implement the digital circuit logic on top of FPGAs. See also

Field-programmable Gate Array (FPGA).

• Amdahl’s Law. The speedup of a program using multiple processors in

parallel is limited by the time needed for the sequential fraction of the

program. In particular, if a fraction P of the overall computation can be

sped up through parallelism by a factor of S , then the overall speedup of

the entire computation, including the fraction (1 − P) that cannot be sped

up (parallelized), is 1
(1−P)+ P

S
.

• Application-specific Integrated Circuit (ASIC). An Application-specific

Integrated Circuit (ASIC) is an integrated circuit (IC) chip customized for
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a particular use, rather than intended for general-purpose use. See also

Integrated Circuit (IC).

• Application Programming Interface (API). An application programming

interface is a computing interface which defines interactions between mul-

tiple software intermediaries. It defines the kinds of calls or requests that

can be made, how to make them, the data formats that should be used, the

conventions to follow, etc.

• Backplane Trace. The backplane trace is a printed circuit board contain-

ing connections (slots) for other boards and allows for communication be-

tween all connected boards.

• Backpressure. In computer networking, backpressure refers to the resis-

tance or force opposing the desired flow of data through the network. This

typically happens if the rate of outgoing data from the network is not able

to keep pace with the rate of incoming data into the network.

• Bandwidth. Bandwidth is the maximum rate of data transfer across a

network.

• Bisection Bandwidth. If the network is bisected into two partitions, the

bisection bandwidth of a network topology is the bandwidth available be-

tween the two partitions. Bisection should be done in such a way that

the bandwidth between two partitions is minimum. Bisection bandwidth

gives the true bandwidth available in the entire system. Bisection band-

width accounts for the bottleneck bandwidth of the entire network. There-

fore bisection bandwidth represents bandwidth characteristics of the net-

work better than any other metric. See also Bandwidth, Network Topology.
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• Cache. A smaller, faster memory which stores copies of the data from a

subset of main memory (DRAM) locations for faster access. Caches are

generally divided into different levels—Level 1 (L1) cache is the closest to

the processor and also the fastest, followed by Level 2 (L2) cache, and then

Level 3 (L3) cache. See also Dynamic Random Memory Access (DRAM).

• Capacitor. A capacitor is a device that stores electrical energy in an electric

field.

• Checksum. A checksum is a value used to verify the integrity of data

transfer. In other words, it is a sum that checks the validity of data. Check-

sums are typically used to compare two sets of data to make sure they are

the same.

• Circuit Reconfiguration. It refers to the process of setting up the physical

connections between the input and output ports of a circuit switch. See

also Port, Circuit Switching, Circuit Switch, Circuit Scheduling.

• Circuit Scheduling. It refers to the process of deciding what connections

to set up between the input and output ports of a circuit switch. See also

Port, Circuit Switching, Circuit Switch, Circuit Reconfiguration.

• Circuit Switch. A circuit switch is a special kind of switch that does no

processing on the data flowing through the switch, nor does it buffer any

data. It simply forwards data between its input and output ports via a

crossbar. However, it does require circuit scheduling and circuit recon-

figuration. A circuit switch can be electrical or optical. See also Switch,

Forwarding, Crossbar, Circuit Switching, Circuit Scheduling, Circuit Reconfig-

uration, Electrical Circuit Switch, Optical Circuit Switch, Packet Switch.
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• Circuit Switching. Circuit switching is a method of implementing a com-

munication network in which two communicating nodes establish a ded-

icated communication channel (circuit) through the network before the

nodes may communicate. See also Switching, Communication Channel,

Packet Switching.

• Clock Domain Crossing (CDC). In digital electronics, clock domain cross-

ing refers to the traversal of a signal in a digital circuit from one clock

domain into another. See also Retiming, Synchronization FIFO.

• Clock and Data Recovery (CDR). In serial communication of digital data,

clock and data recovery is the process of extracting timing information

from a serial data stream to allow the receiving circuit to decode the trans-

mitted data. See also Serial Communication Channel.

• Clos Network. In the field of communications, a Clos network is a kind

of multistage switching network that has an input stage, an output stage,

and some number of middle stages. Clos network represents a theoretical

idealization of practical, multistage switching systems. See also Switching,

Folded Clos Network.

• Cloud Computing. Cloud computing is the on-demand availability of

computer system resources, especially data storage and computing power,

without direct active management by the user.

• Cloud Network. Cloud network is referred to a computer network that ex-

ists within or is part of a cloud computing infrastructure. It is a computer

network that provides network interconnectivity between cloud based or

cloud enabled application, services and solutions. See also Cloud Comput-

ing.
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• Commodity. A mass-produced unspecialized product for which there is

demand, but which is supplied without qualitative differentiation across

a market. It is a fungible product, meaning the same irrespective of who

produces it.

• Communication Channel. A communication channel refers either to a

physical transmission medium such as a wire, or to a logical connection

over a multiplexed medium such as a radio channel in telecommunica-

tions and computer networking.

• Comparator. A digital circuit that takes two numbers as input in binary

form and determines whether one number is greater than, less than or

equal to the other number.

• Compiler. A compiler is a computer program that translates computer

code written in one programming language (the source language) into an-

other language (the target language).

• Compute Node. Compute nodes are the machines on which applications

and services run.

• Congestion Control. Congestion control controls the flow of data trans-

mission in a communications network in order to prevent senders from

overwhelming the network. See also Flow Control.

• Container. In computing, a container is a standard unit of software that

packages up code and all its dependencies so the application runs quickly

and reliably from one computing environment to another.
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• Control Plane. In computer networking, control plane is responsible for

the management and configuration of how data is forwarded through the

network. See also Forwarding, Data Plane.

• Crossbar. In computer networking, a crossbar is a switching element with

N inputs and M outputs where, typically, N = M. The crossbar can simul-

taneously transport signals on any of the N inputs to any of the M outputs

as long as multiple signals do not compete for the same input or output

port. See also Switching, Port.

• Data Plane. In computer networking, data plane is responsible for ac-

tual forwarding of data through the network. See also Forwarding, Control

Plane.

• Datacenter. A datacenter is a building, dedicated space within a building,

or a group of buildings used to house computer systems and associated

components, such as communications and storage systems.

• Datastructure. A datastructure is a specialized format for organizing, pro-

cessing, retrieving and storing data.

• Dennard Scaling. A power scaling law that roughly states that as transis-

tors get smaller, their power density stays constant, so that the power use

stays in proportion with area. It ended around 2006. See also Transistor.

• Die. In electronics, a die is a small block of semiconducting material

on which a given digital circuit is fabricated. Typically several dies are

batched together on a single wafer. See also Semiconductor, Wafer.

• Direct Memory Access (DMA). Direct memory access (DMA) is a fea-

ture of computer systems that allows certain hardware subsystems (such
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as NICs) to access main system memory (DRAM) independent of the

CPU. See also Network Interface Card (NIC), Dynamic Random Access Mem-

ory (DRAM), Remote Direct Memory Access (RDMA).

• Direct-connect Topology. A network topology where end-hosts are con-

nected directly to one another without needing a switching fabric. See also

Network Topology, End-host, Switching Fabric.

• Domain-specific Language. A computer programming language special-

ized to a particular application domain.

• Domain-specific Processor. An application-specific integrated circuit

(ASIC) designed for a specific set of application domain. See also

Application-specific Integrated Circuit (ASIC), General-purpose Processor.

• Dynamic Random Access Memory (DRAM). A type of random access

memory (RAM) that stores each bit of data in a memory cell consisting of

a tiny capacitor and a transistor. See also Random Access Memory (RAM),

Capacitor, Transistor.

• Electrical Circuit Switch. A circuit switch that operates on electrical sig-

nals. See also Circuit Switch, Optical Circuit Switch.

• End-host. An end-host is a computer or other device sitting at the edge of

a computer network.

• Equal-cost Multi-path (ECMP). Equal-cost multi-path (ECMP) is a rout-

ing strategy where packet destined to a single destination can be for-

warded over multiple ”best paths” which tie for top place in routing met-

ric calculations. See also Routing, Forwarding.

143



• Ethernet. Ethernet is a family of protocols for the data link layer and the

physical layer of the network stack. See also Network Stack.

• Fair Queuing. Fair queuing is a family of scheduling algorithms designed

to achieve fairness when a limited resource is shared. See also Packet

Scheduling, Fairness.

• Fairness. Fairness is a metric used to determine whether users or applica-

tions are receiving a fair share of system resources.

• Fast Reconfigurable Circuit Switch. In the context of this dissertation,

a fast reconfigurable circuit switch can do circuit reconfiguration within

a few nanoseconds. See also Circuit Switch, Circuit Reconfiguration, Slow

Reconfigurable Circuit Switch.

• Fiber (optical). A fiber is a long, thin strand of very pure glass about the

diameter of a human hair. They are arranged in bundles called optical

cables and used to transmit light signals over long distances.

• Field-programmable Gate Array (FPGA). Field Programmable Gate Ar-

rays (FPGAs) are semiconductor devices that are based around a matrix

of configurable logic blocks connected via programmable interconnects.

They can be configured to implement arbitrary digital circuits. See also

Semiconductor.

• FIFO. A First-In-First-Out queue.

• Firewall. In computing, a firewall is a network security system that mon-

itors and controls incoming and outgoing network traffic based on prede-

termined security rules. A firewall typically establishes a barrier between
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a trusted internal network and untrusted external network, such as the

Internet.

• Fixed-function Hardware. A digital device whose logic cannot be

changed once the device has been designed and manufactured.

• Flip-flop. In electronics, a flip-flop is a circuit that has two stable states

and can be used to store state information.

• Flow. A sequence of packets from a source to a destination. See also Packet.

• Flow Control. Flow control is the process of managing the rate of data

transmission between two nodes to prevent a fast sender from over-

whelming a slow receiver. See also Congestion Control.

• Folded Clos Network. A Folded Clos network is the one-sided version of

the Clos network: it basically merges the corresponding input and output

stages into one stage. See also Clos Network.

• Forwarding. The act of relaying packets from one network segment to

another by nodes in a computer network. See also Packet, Network Segment.

• Frequency Synchronization. The state in which the clock frequencies of

different clocks match. See also Time Synchronization.

• Full Bisection Bandwidth. If the network is bisected into two partitions,

the aggregate bandwidth of the hosts in one section equals the bisection

bandwidth. See also Bisection Bandwidth.

• Full Duplex. A full duplex device is capable of simultaneous, bi-

directional network data transmissions.
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• Full Mesh Topology. Full mesh topology occurs when every node has

a link connecting it to every other node in a network. See also Network

Topology.

• General-purpose Processor. A processor that is not designed for a specific

application domain, but rather can be programmed to support a variety of

applications. See also Domain-specific Processor.

• Graphics Processing Unit (GPU). A massively multi-core processor de-

signed for fast parallel processing of large blocks of data.

• Hardware Offload. Moving certain applications from CPU to hardware,

such as a NIC, for higher performance. See also Network Interface Card

(NIC).

• Hardware-accelerated. Accelerating applications via hardware offload.

See also Hardware Offload.

• Header. The portion of a packet that carries control information, typically

used for routing the packet. See also Packet, Packet Switching, Routing, Pay-

load.

• Hybrid Network. In the context of this dissertation, a hybrid net-

work refers to a network comprising a combination of packet and circuit

switches. See also Packet Switch, Circuit Switch.

• I/O. In computing, input/output or I/O is the communication between a

device, such as a computer, and the outside world, possibly a human or

another device.

• I/O Channel. An I/O channel is an independent hardware component

that co-ordinates all I/O between a set of devices. See also I/O.
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• I/O Pin. An I/O pin is a form of I/O channel that is both an Input and

an Output and can be used as both at the same time. Input pins are used

to read the outside world and Output pins are used to control the outside

world. See also I/O, I/O Channel.

• In-network Computation. It refers to computation done inside network

switches. See also Switch.

• In-network Scheduling. It refers to packet scheduling inside network

switches. See also Packet Scheduling, Switch.

• Integrated Circuit (IC). An integrated circuit (also referred to as an IC, a

chip, or a microchip) is a set of electronic circuits on one small flat piece

(or ”chip”) of semiconductor material that is normally silicon. See also

Semiconductor.

• IP Address. An Internet Protocol (IP) address is a numerical label assigned

to each device connected to a computer network.

• Kernel. The kernel is a computer program at the core of a computer’s

operating system with complete control over everything in the system. It

facilitates interactions between hardware and software components.

• Latency. In computer networking, latency refers to the time it takes for a

piece of data (such as a packet) to go from one point (source) to another

point (destination) over a communication channel. See also Packet, Com-

munication Channel.

• LGMII. 50 gigabit media-independent interface (LGMII) is a standard de-

fined in IEEE 802.3 for connecting full duplex 50 Gigabit Ethernet (50GbE)
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ports to each other and to other electronic devices. See also Full Duplex,

Ethernet, Port, XGMII.

• Link. The link is the physical or logical network component used to inter-

connect nodes in the network. E.g., optical fiber. See also Fiber (optical).

• Load Balancing. Load balancing refers to the process of distributing a set

of inputs over a set of resources, with the aim of making the overall system

more efficient.

• Maximum Transmission Unit (MTU). In computer networking, the max-

imum transmission unit (MTU) is the size of the largest protocol data unit

(PDU) that can be communicated in a single transaction of the protocol.

For Ethernet, the MTU value is typically 1500 bytes. See also Protocol Data

Unit (PDU), Ethernet.

• Medium Access Control (MAC). The medium access control sublayer is

the layer that controls the hardware responsible for interaction with the

wired, optical or wireless transmission medium. The MAC sublayer is

part of the data link layer in the network stack. See also Network Stack

• Middlebox. A middlebox or network appliance is a computer networking

device that transforms, inspects, filters, and manipulates traffic for pur-

poses other than packet forwarding. See also Forwarding.

• Moore’s Law. An empirical law that postulated that the number of tran-

sistors on a chip would double every year. Moore’s law has slowed down

significantly since 2010, and is expected to end altogether soon.
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• Multi-tenant Cloud. A multi-tenant cloud is a cloud computing architec-

ture that allows customers to share computing resources. See also Cloud

Computing.

• Network Accelerator. A device used to accelerate network functions. See

also Network Function, Hardware-accelerated, Hardware Offload.

• Network Address Translation (NAT). Network address translation is a

method of remapping an IP address space into another by modifying net-

work address information in the header of packets while they are in transit

across a traffic routing device. See also IP Address, Routing.

• Network Function. A functional building block within a network infras-

tructure, which has well-defined external interfaces and a well-defined

functional behavior.

• Network Function Virtualization (NFV). NFV is a network architecture

concept that virtualizes entire classes of network functions into building

blocks that may connect, or chain together, to create communication ser-

vices. See also Virtualization, Network Function.

• Network Interface Card (NIC). A hardware device that connects the end-

host network stack to the switching fabric. See also End-host, Network

Stack, Switching Fabric.

• Network Segment. A portion of a computer network wherein every de-

vice communicates using the same physical layer in the network stack. See

also Network Stack.
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• Network Stack. The network stack is an implementation of a computer

networking protocol suite or protocol family. It typically comprises seven

abstraction layers.

– Layer 1 (Physical Layer) The physical layer (PHY) is the lowest layer

in the network stack. PHY consists of the basic hardware transmis-

sion technologies needed to transmit raw bits over a physical link

connecting network nodes.

– Layer 2 (Data Link Layer) The data link layer is the protocol layer

which transfers data between adjacent network nodes in a network

or between nodes on the same network segment. See also Network

Segment.

– Layer 3 (Network Layer) The network layer is responsible for routing

data from source to the destination end-host through the network,

including routing through intermediate routers. See also Routing.

– Layer 4 (Transport Layer) The transport layer provides transparent

transfer of data between endpoints, providing data transfer services

to the upper layers. The transfer could be reliable or unreliable.

– Layer 5 (Session Layer) The session layer controls the dialogues (con-

nections) between computers. It establishes, manages and terminates

the connections between the local and remote application.

– Layer 6 (Presentation Layer) The presentation layer establishes con-

text between application-layer entities, in which the application-layer

entities may use different syntax and semantics if the presentation

service provides a mapping between them.

– Layer 7 (Application Layer) The application layer is the closest to the
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end applications, and typically identifies the identity and availability

of communication partners for an application with data to communi-

cate.

• Non-blocking Network. In a non-blocking network, the nodes are inter-

connected in such a way that any unused input-output pair can be con-

nected by a path through unused nodes, no matter what other paths exist

at the time.

• Off-chip Memory. Memory which is not part of the processor chip. E.g.,

DRAM. See also Dynamic Random Access Memory (DRAM).

• On-chip Memory. Memory which is part of the processor chip. E.g.,

SRAM. See also Static Random Access Memory (SRAM).

• Open Systems Interconnection (OSI) Model. The Open Systems Inter-

connection model is a conceptual model that characterizes and standard-

izes the communication functions of a communication or computing sys-

tem without regard to its underlying internal structure and technology.

• Optical Circuit Switch. A circuit switch that operates on optical signals.

See also Circuit Switch, Electrical Circuit Switch.

• Ordered List. A sorted list of elements.

• Packet. A packet is a formatted unit of data carried by a packet-switched

network. A packet consists of control information (header) and user data

(payload). See also Packet Switching, Header, Payload.

• Packet Pacing. A set of techniques to make the pattern of packet transmis-

sion more uniform (or less bursty). See also Packet.
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• Packet Scheduling. Deciding and enforcing when and in what order to

transmit packets onto the wire. See also Packet.

• Packet Spraying. A routing strategy in which packets from a flow are sent

uniformly over all available paths. See also Routing, Packet, Flow.

• Packet Switch. A packet switch is a special kind of switch that forwards

packets by inspecting and processing each packet going through it. See

also Switch, Packet, Forwarding, Circuit Switch.

• Packet Switching. A mode of data transmission in which a message is

broken into a number of parts which are sent independently, over what-

ever route is optimum for each packet, and reassembled at the destination.

See also Switching, Packet, Circuit Switching.

• Parallel Communication Channel. In data transmission, parallel commu-

nication channel is a type of communication channel that conveys multiple

bits simultaneously. See also Communication Channel, Serial Communication

Channel.

• Pareto Distribution. Pareto distribution is a skewed, heavy-tailed distri-

bution that is sometimes used to model that distribution of incomes. The

basis of the distribution is that a high proportion of a population has low

income while only a few people have very high incomes.

• Payload. The portion of the packet that carries user data. See also Packet,

Packet Switching, Header.

• Peripheral Component Interconnect Express (PCIe). PCIe is a high-speed

serial computer expansion bus standard for connecting high-speed pe-

ripheral devices to the computer.
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• Phase-locked Loop (PLL). A phase-locked loop is a control system that

generates an output signal whose phase is related to the phase of an input

signal.

• Poisson Process. A Poisson Process is a model for a series of discrete event

where the average time between events is known, but the exact timing of

events is random . The arrival of an event is independent of the event

before (waiting time between events is memoryless).

• Port. A physical port is a specialized outlet on a piece of equipment (such

as a switch or a NIC) to which a cable connects. See also Switch, Network

Interface Card (NIC).

• Programmable Switch. A packet switch that can be programmed with

different packet processing protocols. See also Packet, Packet Switch.

• Propagation Delay. In computer networks, propagation delay is the

amount of time it takes for the head of the signal to travel from the sender

to the receiver over a communication channel, such as a wire. See also

Communication Channel.

• Protocol Data Unit (PDU). A protocol data unit (PDU) is a single unit of

information transmitted among peer entities of a computer network. A

PDU is composed of protocol-specific control information and user data.

• Proxy. In computer networking, a proxy is an application or appliance

that acts as an intermediary for requests from clients seeking resources

from servers that provide those resources.
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• Public Cloud. The public cloud is defined as computing services offered

by third-party providers over the public Internet, making them available

to anyone who wants to use or purchase them. See also Cloud Computing.

• Quality-of-Service (QoS). Quality of service is the description or mea-

surement of the overall performance of a service, particularly the perfor-

mance seen by the users.

• Random Access Memory (RAM). Random-access memory is a form of

computer memory that can be read and changed in any order. See also

Dynamic Random Access Memory (DRAM), Static Random Access Memory

(SRAM).

• Rate Limiting. Rate limiting is used to control the amount of incoming

and outgoing traffic to or from a network.

• Reconfiguration Speed. The time a circuit switch takes to do circuit re-

configuration. See also Circuit Switch, Circuit Reconfiguration, Fast Reconfig-

urable Circuit Switch, Slow Reconfigurable Circuit Switch.

• Remote Direct Memory Access (RDMA). In computing, remote direct

memory access is a direct memory access from the memory of one com-

puter into that of a remote computer without involving either one’s CPUs.

See also Direct Memory Access (DMA).

• Resource Disaggregation. Resource disaggregation separates hardware

resources (such as CPU, memory, storage) into network-attached, stand-

alone devices that applications access over the network.
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• Retiming. In the context of this dissertation, retiming refers to modulating

the signal delay for a safe clock domain crossing. See also Clock Domain

Crossing (CDC), Synchronization FIFO.

• Routing. Routing is the process of selecting a path for traffic in a network

or between or across multiple networks.

• Semiconductor. A solid substance that has a conductivity between that of

an insulator and that of most metals, either due to the addition of an impu-

rity or because of temperature effects. Devices made of semiconductors,

notably silicon, are essential components of most electronic circuits.

• Serial Communication Channel. In data transmission, serial communica-

tion channel is a type of communication channel that conveys data one bit

at a time. See also Communication Channel, Parallel Communication Channel.

• Serialization-Deserialization (SerDes). A SerDes is a functional block

used in high-speed communication to convert data between serial and

parallel channels in each direction. See also Serial Communication Channel,

Parallel Communication Channel.

• Singlemode Fiber. In optical fiber technology, singlemode fiber is optical

fiber that is designed for the transmission of a single ray or mode of light

as a carrier and is used for long-distance signal transmission. See also Fiber

(optical).

• Slow Reconfigurable Circuit Switch. In the context of this dissertation,

a slow reconfigurable circuit switch does circuit reconfiguration within a

few microseconds to a few milliseconds. See also Circuit Switch, Circuit

Reconfiguration, Fast Reconfigurable Circuit Switch.
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• Small Form-factor Pluggable (SFP+). A type of transceiver that can sup-

port data rates up to 16 Gbps. See also Transceiver.

• Static Random Access Memory (SRAM). A type of random-access mem-

ory (RAM) that uses flip-flops to store each bit. See also Random Access

Memory (RAM), Flip-flop.

• Switching. Switching is the process to forward data coming in from one

port to a port leading towards the destination. See also Forwarding, Port,

Packet Switching, Circuit Switching.

• Switch. A network device used for switching. See also Switching, Packet

Switch, Circuit Switch.

• Switching Chip. An application-specific integrated circuit (ASIC) that im-

plements the switching logic inside a packet switch. See also Application-

specific Integrated Circuit (ASIC), Switching, Packet Switch.

• Switching Fabric. A collection of switches connected in some network

topology. See also Switch, Network Topology.

• Switching Speed. The aggregate rate (across all ports) at which a switch

can forward data. See also Port, Switch, Forwarding.

• Synchronization FIFO. A special kind of First-In-First-Out (FIFO) queue

used for signal retiming for a safe clock domain crossing. See also Clock

Domain Crossing (CDC), Retiming.

• Synchronization Precision. In time synchronization, it is the degree to

which clock values of two clocks are synchronized, or the maximum offset

between any two clock values. See also Time Synchronization.
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• System-on-Chip (SoC). A system on a chip is an integrated circuit that

integrates all or most components of a computer or other electronic system

on a single chip. See also Integrated Circuit (IC).

• Throughput. In computer networking, throughput is the rate of success-

ful data delivery over a communication channel. See also Communication

Channel.

• Time Synchronization. The state in which the clock values of different

clocks match. See also Frequency Synchronization.

• Network Topology. Network topology is the arrangement of the elements

of a communication network (e.g., switches). See also Switch.

• Traffic Class. A category of computer network traffic. Generally a traffic

classification module categorizes computer network traffic according to

various parameters into a number of traffic classes. Each resulting traffic

class can be treated differently to provide different Quality-of-Service. See

also Quality-of-Service (QoS).

• Traffic Matrix. A traffic matrix represents the volume of traffic between

all possible pairs of sources and destinations.

• Transceiver. In computer networking, a transceiver is a hardware device

designed to connect computers or electronic devices within a network, al-

lowing them to transmit and receive messages.

• Transistor. A transistor is a semiconductor device used to amplify or

switch electronic signals and electrical power. See also Semiconductor.
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• Transmission Control Protocol (TCP). TCP (Transmission Control Proto-

col) is a transport layer standard in the network stack that defines how to

establish and maintain a network connection through which application

programs can exchange data. See also Network Stack.

• Transmission Time. It is the time from the first bit until the last bit of a

message has left the transmitting node.

• Transport Layer Security (TLS). Transport Layer Security (TLS) is a cryp-

tographic protocol designed to provide communications security over a

computer network.

• User space. User space is the set of memory locations in which user pro-

cesses (i.e., everything other than the kernel) run. See also Kernel.

• Virtual Machine (VM). In computing, a virtual machine is an emulation

of a physical computer system. A single physical computer system can

typically run multiple VMs.

• Virtual Switch (vSwitch). A virtual switch (vSwitch) is an application that

allows communication between virtual machines. See also Virtual Machine

(VM).

• Virtualization. In computing, virtualization refers to the act of creating a

virtual version of something, including virtual computer hardware plat-

forms, storage devices, and computer network resources.

• Wafer. In electronics, a wafer is a thin slice of semiconductor, such as sili-

con, used for the fabrication of integrated circuits. See also Semiconductor,

Integrated Circuit (IC).
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• Wide-area Network (WAN). A computer network in which the computers

connected may be far apart, generally having a radius of half a mile or

more.

• XGMII. 10 gigabit media-independent interface (XGMII) is a standard de-

fined in IEEE 802.3 for connecting full duplex 10 Gigabit Ethernet (10GbE)

ports to each other and to other electronic devices. See also Full Duplex,

Ethernet, Port, LGMII.

• Yield (for chip fabrication). Yield is a quantitative measure of the qual-

ity of a semiconductor process. It is the fraction of dies on the yielding

wafers that are not discarded during the manufacturing process. See also

Semiconductor, Die, Wafer.
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Foster, Changhoon Kim, and Ion Stoica. NetCache: Balancing Key-Value
Stores with Fast In-Network Caching. SOSP, 2017.

[181] Jun Xu and Richard J. Lipton. On fundamental tradeoffs between delay bounds
and computational complexity in packet scheduling algorithms. SIGCOMM,
2002.

[182] Kenichi Yasukata, Michio Honda, Douglas Santry, and Lars Eggert.
StackMap: Low-Latency Networking with the OS Stack and Dedicated NICs.
ATC, 2016.

[183] Xiaohui Ye, Yawei Yin, S. J. B. Yoo, Paul Mejia, Roberto Proietti, and
Venkatesh Akella. DOS - A scalable optical switch for datacenters. ANCS,
2010.

176



[184] Hui Zhang and Domenico Ferrari. Rate-Controlled Service Disciplines. Jour-
nal of High Speed Networks, 1994.

[185] Xia Zhou, Zengbin Zhang, Yibo Zhu, Yubo Li, Saipriya Kumar, Amin Vah-
dat, Ben Y. Zhao, and Haitao Zheng. Mirror Mirror on the Ceiling: Flexible
Wireless Links for Data Centers. SIGCOMM, 2012.

[186] Hang Zhu, Zhihao Bai, Jialin Li, Ellis Michael, Dan R. K. Ports, Ion Stoica,
and Xin Jin. Harmonia: Near-Linear Scalability for Replicated Storage with
In-Network Conflict Detection. VLDB, 2019.

[187] Yibo Zhu, Haggai Eran, Daniel Firestone, Chuanxiong Guo, Marina
Lipshteyn, Yehonatan Liron, Jitendra Padhye, Shachar Raindel, Mo-
hamad Haj Yahia, and Ming Zhang. Congestion Control for Large-Scale
RDMA Deployments. SIGCOMM, 2015.

177


	Biographical Sketch
	Dedication
	Acknowledgements
	Table of Contents
	List of Figures
	Previously Published Material
	Introduction
	Background
	Modern Datacenter Networks
	Trends in Transistor Scaling

	Motivation
	Limitations of Existing Approaches
	General-purpose Processor-based Network Stacks
	Packet-switched Switching Fabrics

	Research Question
	Approach, Challenges, and Thesis
	Domain-specific Processing: Promise and Challenges
	Circuit Switching: Promise and Challenges
	Thesis for High-speed Networking in the Post-Moore Era

	Contributions
	Fast Domain-specific Processor for Packet Scheduling
	Fast Circuit-switched Switching Fabric

	Evaluation Methodology
	Source Code Availability
	Organization

	Fast Domain-specific Processor for Packet Scheduling : PIEO
	Overview
	Background
	Packet Scheduling Model
	Packet Scheduling Algorithms
	Packet Scheduling Primitives

	Design
	Push-In-Extract-Out (PIEO) Primitive
	PIEO Programming Framework

	The Expressiveness of PIEO
	Work-conserving Algorithms
	Non-work conserving Algorithms
	Hierarchical Scheduling
	Asynchronous Scheduling
	Priority Scheduling

	Hardware Architecture
	Hardware Model
	Architecture and Key Complexity Results
	Implementation

	Evaluation
	Prototype
	Prototype Experiments: Scheduling Rate
	Prototype Experiments: Scalability
	Prototype Experiments: Programmability

	Discussion
	PIEO as a Generic Priority Queue
	PIEO as an Abstract Dictionary Datatype

	Summary

	Fast Circuit-switched Switching Fabric : Shoal
	Overview
	Background
	Strawman Design 1: Packet Switching
	Strawman Design 2: Direct-connect Network
	Circuit Switching

	Design
	Design Overview
	Shoal Switching Fabric
	Shoal Data Plane
	Shoal Control Plane: Static Schedule & Virtual Topology
	Shoal Control Plane: Routing
	Shoal Control Plane: Congestion Control
	Shoal Control Plane: Configuration Parameters

	Handling Practical Concerns
	Clock and Data Recovery (CDR)
	Accounting for Propagation Delay
	Cell Re-ordering and Re-assembly
	Failures

	Hardware Implementation
	Switch Implementation
	Network Interface Card (NIC) Implementation

	Power and Cost Implications
	Evaluation
	Prototype
	Prototype Experiments: Throughput and Latency
	Simulation
	Simulation Experiments: Microbenchmarks
	Simulation Experiments: Datacenter Workloads
	Simulation Experiments: Disaggregated Workloads

	Discussion
	Running Applications on top of Shoal
	Quality-of-Service on top of Shoal

	Summary

	Related Work
	High-speed End-host Network Stacks
	High-speed Programmable Network Data Plane
	Switching Fabric Topologies and Technologies
	Congestion Control via Tight Host-Fabric Coupling

	Future Work
	High-speed Programmable Architectures for Middleboxes
	Low Latency Optical Circuit Switching

	Conclusion
	Proof of Invariant 1 and bound on the number of sublists in PIEO
	Glossary of Terms
	Bibliography

