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Occamy: A Preemptive Buffer Management for
On-chip Shared-memory Switches

Danfeng Shan†, Yunguang Li†, Jinchao Ma†, Zhenxing Zhang‡, Zeyu Liang†, Xinyu Wen†,
Hao Li†, Wanchun Jiang+, Nan Li‡, Fengyuan Ren⋄

†Xi’an Jiaotong University ‡Huawei +Central South University ⋄Tsinghua University

Abstract
Today’s high-speed switches employ an on-chip shared packet
buffer. The buffer is becoming increasingly insufficient as it
cannot scale with the growing switching capacity. Nonethe-
less, the buffer needs to face highly intense bursts and meet
stringent performance requirements for datacenter applica-
tions. This imposes rigorous demand on the Buffer Manage-
ment (BM) scheme, which dynamically allocates the buffer
across queues. However, the de facto BM scheme, designed
over two decades ago, is ill-suited to meet the requirements
of today’s network.
In this paper, we argue that shallow-buffer switches, in-

tense bursts, along with dynamic traffic call for a highly agile
BM that can quickly adjust the buffer allocation as traffic
changes. However, the agility of the current BM is funda-
mentally limited by its non-preemptive nature. Nonetheless,
we find that preemptive BM, considered unrealizable in his-
tory, is now feasible on modern switch chips. We propose
Occamy1, a preemptive BM that can quickly adjust buffer al-
location. Occamy utilizes the redundant memory bandwidth
to actively reclaim and reallocate the over-allocated buffer.
Testbed experiments and large-scale simulations show that
Occamy can improve the end-to-end performance by up to
∼55%.

CCS Concepts: • Networks→ Data path algorithms.

Keywords: Datacenter Networks, BufferManagement, Traffic
Bursts

1Named after a fantastic beast in the Wizarding World that can quickly
grow or shrink to fit the available space.
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1 Introduction
To support the ever-growing datacenter traffic, switching
capacity has rapidly increased over the past decade, roughly
doubling every two years [23, 39]. By 2024, leading switch
ASIC vendors had increased their switching capacity to
51.2Tbps [22, 24, 62, 63]. To enable fast packet access at
such high speeds, the packet buffers are embedded onto the
switch chip [34, 37, 65]. As a result, the buffer size is lim-
ited by the chip area and does not scale with the increasing
switching capacity. Over the last decade, the buffer size (rela-
tive to capacity) has shrunk by a factor of 4× [18, 45, 72, 93].
Consequently, buffers are becoming increasingly insufficient
and this trend inclines to continue.
Despite the deficiency of buffer space, the performance

requirements and traffic characteristics of datacenter net-
works (DCNs) place stringent demands on packet buffers.
Modern networked applications require ultra-low latency
(e.g., <10𝜇s for resource disaggregation [20, 42]) and high
throughput (e.g., >100Gbps for NLP model training [77])
from the network. Additionally, workflows such as partition-
aggregation and MapReduce can aggregate thousands of
flows at a single point [58], resulting in highly intense traffic
bursts. Moreover, most bursts occur at a sub-RTT level [44,
94], and are beyond the control of end-to-end mechanisms.
To avoid packet loss, enough buffer space is required to ab-
sorb these bursts. Hence, the buffer on the switch is a key
factor in performance.

Modern datacenter switches have multiple ports, and each
port contains several queues, each of which is dedicated to a
traffic class [21, 86]. The on-chip buffer is typically shared
across all queues to improve buffer utilization [12, 34, 37, 64,
85]. The Buffer Management (BM) scheme, which dynami-
cally allocates the shared buffer to queues, is expected to be
efficient for burst absorption [44] and high throughput [17,
18], as well as fair for performance isolation [1]. However,
the de facto BM (i.e., Dynamic Threshold or DT [27, 28]), de-
signed over two decades ago, is far from satisfactory in terms
of both burst absorption [10, 44, 71, 94] and performance
isolation [1, 9].

In this paper, we argue that the underlying cause of these
problems is that the non-preemptive nature of the current
BM confines its agility to adjust buffer allocations when
facing dynamic traffic. By non-preemption, we mean that
a previously accepted packet is not allowed to be expelled.
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As a result, the BM can only adjust the buffer allocation by
passively waiting for the over-allocated queue to naturally
release the buffer (i.e., by sending out the packets). This
incurs two issues.

(1) Inefficient: Due to the limited agility in adjusting buffer
allocations, non-preemptive BMs have to proactively reserve
a portion of free buffer space to protect newly active queues
from starving for buffer. As a result, non-preemptive BMs fail
to efficiently utilize the scarce buffer, which is undesirable
given that datacenter switch buffers are already insufficient
and need to be fully utilized to absorb bursts when facing
bursty short flows [44, 76] and achieve high throughput
when facing long flows [17, 18, 93].

(2) Unfair: In DCN, the traffic arrival rate can be much
higher than the departure rate as a result of highly bursty
traffic. In such cases, non-preemptive BMs fail to adjust the
buffer allocation in time, resulting in anomalous behaviors
where packets are reluctantly dropped before obtaining the
deserved buffer. In particular, we find that non-preemptive
BM can suffer from the buffer choking problem (§3.1), inwhich
high-priority (and usually delay-sensitive) traffic thirsts for
buffer, whereas low-priority traffic holds considerable over-
allocated buffer while draining slowly.

If BM could support preemption (i.e., actively drop packets
residing in the buffer), to some extent, the above issues can
be easily addressed. Preemptive BMs had been studied a lot
in history, and a kind of BM called Pushout had been proven
optimal in terms of throughput and loss probability [25, 29–
31, 57, 79, 81, 82, 89]. Pushout accepts the arriving packets
whenever there is free buffer space, and when the buffer
becomes full, Pushout expels packets from the longest queue
to make room for the incoming packets. However, imple-
menting Pushout was historically considered challenging
within the traditional architecture of switching fabric [27,
29] (details in §2.2). Nonetheless, over the past two decades,
the buffer architecture has evolved a lot. Notably, the packet
buffer has been embedded into the switch chip, significantly
increasing the memory bandwidth. Thus, it is necessary to
ask: is it now feasible to support preemptive operations in to-
day’s on-chip shared-memory switch?

In this paper, we answer the above question with Occamy,
a simple preemptive BM that can quickly adjust buffer allo-
cation by actively expelling packets for the over-allocated
queues (§4). Occamy has two key differences from Pushout,
which makes it simple to be implemented. (1) Unlike Pushout
whose enqueue operations may need to wait for the comple-
tion of expelling packets, Occamy decouples packet expul-
sion from packet enqueue, keeping enqueue operations sim-
ple. (2) Unlike Pushout that drops packets from the longest
queue, Occamy expels packets from all over-allocated queues
in a round-robin manner, avoiding the prohibitive costs of
tracking the longest queue.

Combining the above two ideas, we design Occamy with
two components: a proactive component and a reactive com-
ponent. The proactive component can avoid buffer starvation
while achieving high buffer efficiency. As the enqueue oper-
ations do not wait for packet expulsion, Occamy proactively
reserves a small fraction of free buffer to protect newly ac-
tive queues from starving for buffer. The reactive component
endows Occamy with agility. When traffic changes, Occamy
reactively adjusts the buffer allocation by actively expelling
packets for the over-allocated queues. The proactive compo-
nent can be realized by directly utilizing the off-the-shelf BM
in commodity switch chips with adjusted parameters, while
the reactive component can be achieved by several simple
circuit components.

We implement the core components of Occamy with 286
lines of Verilog code, and evaluate its hardware cost with
both the Vivado Design Suite [8] and an open-source 45nm
ASIC technology library [41]. The results show that Occamy
requires only ∼1300 LUTs, ∼50 Flip-Flops, less than 0.03𝑚𝑚2

ASIC area, and consumes just 1𝑚𝑊 power. Additionally,
we implement a proof-of-concept hardware prototype using
P4 (§5.2) and a software prototype based on DPDK (§5.3).
Experiments on an Intel Tofino switch demonstrate that Oc-
camy improves burst absorption (i.e., maximum burst size
without packet drops) by up to ∼57% (§6.1). Experiments
using a DPDK-based software switch show that Occamy im-
proves the average Query Completion Time (QCT) by up
to ∼55%, while effectively ensuring performance isolation
between different traffic classes and avoiding buffer chok-
ing (§6.2). Furthermore, large-scale simulations show that
Occamy reduces the average QCT by up to ∼44% with web-
search workload, ∼33% with all-to-all traffic, and ∼48% with
all-reduce traffic (§6.4).
We believe Occamy showcases a step towards preemp-

tive BM on modern switch chips. Since two decades ago,
the BM studies have been concentrating on innovating non-
preemptive BMs. In contrast, our exploration demonstrates
the potential and feasibility of utilizing preemption to ap-
proach the ideal performance. While actually implementing
preemptive BM in high-speed commodity switch ASICs may
still require lots of effort, we hope our exploration can in-
spire the research and industry community to embrace the
preemptive approaches.

In summary, our key contributions are:

■ We show that, with insufficient buffer and dynamic traffic,
today’s DCN requires a highly agile BM, while the agility
of the current BM is fundamentally limited by its non-
preemptive nature.

■ We design Occamy, showing that preemptive BMs are
feasible to be realized with several simple components.

■ We use extensive experiments to show that Occamy out-
performs non-preemptive BMs in terms of burst absorp-
tion and flow completion time.
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Figure 1. Structure of on-chip shared-memory switch

The code of Occamy is available at https://github.com/a
nts-xjtu/Occamy.

2 Background
In this section, we provide background on buffer architecture
and buffer management schemes in modern switches.

2.1 Architecture of Shared-memory Switches

Switch structure. Figure 1 depicts the high-level structure
of modern shared-memory switch chips [4, 12, 32, 64, 90]. A
typical switch chip mainly consists of three parts: Ingress
Packet Processing, Traffic Manager (TM), and Egress Packet
Processing. In this paper, we mainly focus on TM, which
accommodates the packets and dynamically allocates the
buffer across queues.

For each arrival packet, TM first performs admission con-
trol (e.g.,BMand active queuemanagement) to decidewhether
the packet can be accepted into the buffer. Once admitted,
the packet is written into a packet buffer, which is a central-
ized and globally shared on-chip SRAM. At the egress side, a
scheduler selects a queue to fetch packets using a scheduling
algorithm (e.g., deficit round robin).
Queue/buffer structure. Figure 2 dives into the details of
how packets are stored and queues are organized in the
packet buffer. Typically, there are three pieces of memory:
cell datamemory, cell pointermemory, and Packet Descriptor
(PD) memory. At the bottom, the cell data memory accommo-
dates the actual packet data, which is divided into equal-sized
cells. In the middle, the cell pointer memory holds the cell
pointers to these cells. For a packet partitioned into multi-
ple cells, its cell pointers are linked together through a cell
pointer list. Moreover, the cell pointer memory also manages
the free cells through a linked list, referred to as free cell
pointer list. The free cell pointer list contains the addresses
of all free cells. Upon the arrival of a packet, TM allocates
memory for the packet by removing several cell pointers
from the free cell pointer list. Upon the departure of a packet,
TM frees the occupied memory by returning all cell point-
ers of the packet to the free cell pointer list. Finally, at the

Packet Descriptor 2 Packet Descriptor 1 Head

Cell Ptr 2 Cell Ptr 1Cell Ptr 3Cell Ptr 4

Cell 4 Cell 3 Cell 2 Cell 1Cell
Data

Memory

Cell
Pointer
Memory

PD Linked List (Queues)

Cell 8 Cell 7 Cell 6 Cell 5

Cell Ptr 6 Cell Ptr 5Cell Ptr 8 Cell Ptr 7 Head

Free Cell Pointer List

Cell Pointer List

PD
Memory …

Cell Pointer List

Figure 2. Structure of packet buffer

top, the PD memory contains packet descriptors (PDs). Each
packet is associated with a PD, containing the packet meta-
data (e.g., packet length) and the head(s) of cell pointer list(s).
A queue is organized as a linked list of PDs.

Modern high-speed switches employ several techniques
to speed up packet readings and writings. For example, the
three types of memory are usually in different physical
SRAMs, allowing parallel accesses to PDs, cell pointers, and
cells. Furthermore, to speed up packet readings, high-speed
switches may divide the cell pointer list into multiple sub-
lists (e.g., dividing Cell Ptr 1 → Cell Ptr 2 into Cell Ptr 1
and Cell Ptr 2). In this way, multiple cell pointers can be
read simultaneously at the cost of maintaining multiple link
headers (e.g., Cell Ptr 1 and Cell Ptr 2).

2.2 Buffer Management Schemes
TM uses a Buffer Management (BM) scheme to dynami-
cally allocate the shared-buffer across queues. Depending on
whether an accepted packet can be dropped, BM schemes
can be divided into two categories: non-preemptive BMs and
preemptive BMs.
Non-preemptive BMs. Non-preemptive BMs are dominant
in today’s switch chip due to their simplicity of implementa-
tion. With non-preemptive BMs, a packet won’t be expelled
or overwritten once accepted into the buffer. As a result,
they have to proactively reserve a fraction of free buffer
to accommodate transient bursts arriving at newly active
queues. Furthermore, when the buffer allocation (i.e., the
amount of buffer allocated to each queue) needs to be ad-
justed, non-preemptive BMs can only passively wait for the
over-allocated queue to naturally release the buffer through
packet transmissions. However, the queue drain rate is lim-
ited by the port speed and can be even lowerwhen bandwidth
is shared with other queues. Hence, non-preemptive BMs
are not agile enough to adjust the amount of buffer allocated
to each queue under the condition of high traffic arrival
rate or low departure rate, leading to anomalous behaviors.
Nevertheless, non-preemptive BMs are straightforward to
implement by limiting the queue length with a threshold on
the admission module.
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Figure 3. Dynamic behavior of DT

Next, Dynamic Threshold (DT) is used to exemplify the
healthy and anomalous behaviors of non-preemptive BM
schemes. DT is very prevalent in commodity switch chips [11,
12, 19, 21, 33, 35, 37, 46, 48, 59, 87]. It limits queue lengths with
a threshold (denoted by𝑇 (𝑡)), which is dynamically adjusted
based on the buffer occupancy. Specifically, the threshold is
proportional to the current free buffer size, namely,

𝑇 (𝑡) = 𝛼

(
𝐵 −

𝑁∑︁
𝑖=1

𝑞𝑖 (𝑡)
)

(1)

where𝛼 is a control parameter, 𝐵 is the shared buffer size, and
𝑞𝑖 (𝑡) is the length of queue 𝑖 at time 𝑡 . In practice, 𝛼 is usually
a power of two, so that the threshold can be simply calculated
by shifting the free buffer size. The intuition of Eq. (1) is that,
when the switch is less congested, DT allocates more buffer
to each queue for high efficiency; when the switch is more
congested, DT limits queue lengths more strictly for fairness.

To illustrate the behavior of DT, consider a scenario with
two queues. Only queue 1 is congested and has reached
the steady state at the beginning (i.e., its queue length has
reached 𝑇 (𝑡)). Then some traffic bursts arrive at queue 2,
needing to occupy some buffer. Figure 3(a) shows the evo-
lutions of queue length and threshold in the healthy case.
As the length of queue 2 (i.e., 𝑞2 (𝑡)) grows, DT gradually
reduces the threshold. This, in turn, causes the length of
queue 1 (i.e., 𝑞1 (𝑡)) to decrease by draining the excess buffer
occupancy. Finally, both queue 1 and queue 2 will occupy
the same amount of buffer, achieving fair buffer sharing.

Figure 3(b) illustrates the anomalous behavior, where queue 1
cannot decrease its length as fast as 𝑇 (𝑡). This case occurs
either when 𝑞2 (𝑡) increases too quickly due to high traffic
arrival rate, or when 𝑞1 (𝑡) reduces too slowly due to the
shared capacity of the egress port with other queues. Either
way, DT is unable to adjust the buffer allocation in time. As
a result, queue 1 occupies excess buffer, forcing queue 2 to
reluctantly drop packets before receiving its deserved buffer
space.
Preemptive BMs. Preemptive BMs can expel or overwrite
the accepted packets. Thus, preemptive BMs usually do not
need to proactively reserve buffer for inactive queues as they
can quickly make room by packet expulsion. Instead, they
reactively adjust the buffer allocation when facing dynamic

High-priority Traffic

Low-priority Traffic

Packet Buffer Sent PacketsEgress Port

High-priority traffic is scheduled first

Figure 4. The buffer choking problem

traffic. Consequently, preemptive BMs can achieve higher
buffer efficiency.

In particular, a kind of preemptive BM, known as Pushout,
had been regarded as optimal [25, 29–31, 57, 79, 81, 82, 89].
Pushout allows a packet to enter into the buffer whenever
there is some free space. When the buffer is out of space,
Pushout expels a packet from the longest queue to make
room for the new arrival packet. However, implementing
Pushout in switch chips was historically considered difficult
due to the following three reasons [13, 27, 29] (more detailed
analysis in [73]):
Difficulty 1: Requirement of higher memory bandwidth.

When the buffer is full, accepting a packet requires reading
another packet out of the memory (note that queues were
not in a separate memory [51]), which imposes a higher
requirement on memory latency and bandwidth. However,
memory access was considered as the critical path at that
moment, as the memory speed could not keep pace with
the switching capacity [51–53]. The inadequate memory
bandwidth is primarily used to achieve high switch capacity,
leaving no redundancy for BM.

Difficulty 2: Complex enqueue operations. When a packet
arrives, the enqueue operation may need to wait for the
completion of expelling packets from another queue, which
requires extra buffer at the ingress side and coordination
between ingress and egress.

Difficulty 3:Monitoring the longest queue in real time. The
longest queue can be any queue and may change whenever
a packet arrives and leaves. Monitoring the longest queue
across numerous queues in real time is time-consuming [27]
(more details in [73]), and thus is unacceptable in high-speed
switches.

3 Motivation
In this section, we demonstrate the issues of non-preemptive
BMs and analyze the underlying causes. Then, we discuss
the opportunities opened up by modern switch chips, which
motivate us to innovate preemptive BMs.

3.1 Issues of Non-preemptive BMs
Despite their dominance in commodity switch chips, non-
preemptive BMs have some intrinsic issues.
Non-preemptive BMs canwork anomalously. This is due
to two reasons. (1) The queue drain rate can be very low, caus-
ing non-preemptive BMs to suffer from the buffer choking
problem, as shown in Figure 4. Specifically, DCN operators
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Figure 5. Performance degradation due to anomalous behavior
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can leverage different queues in a port to isolate the perfor-
mance of different services [16]. Latency-sensitive traffic is
usually placed in the high-priority queue with strict priority
queueing, or assigned with higher weight with weighted fair
queueing. Consider a case when the low-priority queues are
congested earlier, and later some bursty traffic arrives at the
high-priority queue. In this case, the low-priority queues
hold considerable buffer. However, since most of the band-
width is allocated to the high-priority queue, the low-priority
queues drain slowly. As a result, the high-priority queue runs
out of buffer space soon, while buffer management (BM) fails
to free up enough space for it. Consequently, high-priority
packets are unexpectedly dropped due to insufficient buffer
allocation.

To quantitatively demonstrate this issue, we build a testbed
comprising 4 hosts connected to a Huawei CE6865 switch.
Each host is equipped with an Intel XL710 Dual Port 40GbE
NIC. Using network namespaces, we isolate two ports on
each NIC to emulate two separate NICs and end nodes per
host (8 nodes in total). The switch is configured to dynami-
cally allocate 2MB buffer across eight 40Gbps ports via DT.
The switch supports 8 class-of-service queues, with one des-
ignated as high priority, and the rest as low priority. We
employ DCTCP as the congestion control algorithm, with
the ECN threshold set to 300KB as recommended in [17].
We generate two types of traffic, which are from different
senders to the same receiver: 1 High-priority incast traffic:
The receiver simultaneously sends queries to 5 senders, each
responding with data upon receiving the query. The incast
degree is 40 (i.e., 8 flows per sender). 2 Low-priority back-
ground traffic: We generate 14 long-lived flows from 2 other
senders to the same receiver, each of which is classified into
one of 7 low-priority queues. To examine the performance of
incast traffic, we measure the query completion time (QCT),
which is the completion time of all incast flows. We com-
pare QCT between two scenarios: one with low-priority
traffic and the other without. For a fair comparison, we con-
figure DT such that the incast traffic should be allocated
the same amount of buffer in both scenarios. Specifically,
we set 𝛼 = 8 for the high-priority queue with low-priority
traffic and 𝛼 = 1 without low-priority traffic. For low-priority
queues, we set 𝛼 = 1. In this way, the incast traffic deserves
1MB buffer either with or without low-priority traffic [1, 27],

and ideally, the QCT performance should be unaffected by
low-priority traffic.
Figure 5(a) shows the average QCT with different query

sizes (i.e., the total volume of incast traffic), with and without
low-priority traffic. Although the QCT is expected to remain
unaffected, the presence of low-priority traffic significantly
degrades the average QCT by up to ∼8× compared to the
scenario without low-priority traffic. This is because DT can-
not quickly drain the low-priority traffic from the buffer due
to buffer choking. As a result, the high-priority incast traffic
receives only a small portion of the buffer and experiences
packet drops before getting its deserved buffer.

(2) The traffic arrival rate can be very high. The traffic pat-
terns such as incast are very prevalent in datacenters [61]. As
a result, thousands of flows can aggregate at the switch [58],
introducing intense traffic bursts. Without the ability to
quickly make room for the highly bursty traffic, packets
can be dropped before enough buffer is allocated to them.
To quantitatively illustrate this issue, we use the same

experimental settings as before, except that two types of
traffic are congested at different ports, thereby eliminating
the impact of buffer choking. Figure 5(b) shows that the
average QCT with background traffic still degrades by up to
∼2× compared to the scenario without background traffic,
despite both receiving the same buffer allocation in theory.
This is because DT is not quick enough to adjust the buffer
occupancy when facing fast incast traffic, leading to packet
drops before the buffer is properly reallocated.
Non-preemptive BMs are inefficient. As non-preemptive
BMs cannot immediately make room for newly active queues,
they have to proactively reserve some buffer, which is essen-
tial to absorb transient bursts. As a result, they cannot fully
utilize the buffer. To show this issue, we conduct a simula-
tion with a leaf-spine topology of 8 spine switches, 8 leaf
switches, and 128 servers connected via 100Gbps links. Flows
are generated according to the web-search workload [5]. The
network load is 40% (detailed settings in §6.4). Figure 6(a)
shows the buffer utilization on packet drop with DT. With
typical settings (i.e., 𝛼 = 0.5) in production datacenters [19],
the 99th percentile buffer utilization is only ∼66%. Given
the situation that on-chip buffer is very scarce and adequate
buffer occupancy is needed for both low latency [44, 74, 94]
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and high throughput [17, 18, 93], it is better not to waste the
scarce buffer.
Analysis of root causes. The radical reason for the above
issues is that non-preemptive BMs are not agile enough to
adjust buffer allocations. The underlying factor that limits
their agility is the non-preemptive nature. Specifically, with-
out the ability to actively expel packets, non-preemptive BMs
have to passively wait for the over-allocated queues to nat-
urally release buffer through normal packet transmissions.
Moreover, due to the limited speed of buffer adjustment, non-
preemptive BMs have to proactively reserve some free buffer
to prevent newly active queues from buffer starvation, re-
sulting in buffer inefficiency. Thus, an effective approach to
address the above issues is preemptive BM that can actively
expel packets for the over-allocated queues.

3.2 Opportunities
As shown in §2.2, preemptive BM schemes were historically
considered hard to implement due to three difficulties. In
this part, we argue that the limitation of bandwidth (i.e., Dif-
ficulty 1) is less critical with the current buffer architecture,
which opens up opportunities to innovate preemptive BMs
by overcoming Difficulty 2 and Difficulty 3.
(1) It is easier to extend the memory bandwidth in mod-

ern switches. Different from the traditional switches using
off-chip buffer, modern switches have embedded the packet
buffer in the switch chip. Different off-chip buffer, on-chip
buffer has a significantly wider memory data path, since no
external pins (i.e., pins connected to external memory) are
required [36, 37, 70], thereby reducing the requirements of
IC packaging (i.e., without the need for inter-chip connec-
tion). As a result, the memory bandwidth can be significantly
increased.
(2) Preemptive BM does not consume the bandwidth of cell

data memory. As explained in §2.1, with the current buffer
structure, dropping a packet only needs to dequeue the PD
and move the packet’s cell pointers to the free cell pointer
list. These operations can be finished within PD memory
and cell pointer memory. There is no need to access the
cell data memory, thereby reducing the memory bandwidth
requirement.

(3) The throughput of reading cell pointers can be improved
by batching. A potential bottleneck of dequeuing a packet
lies in the cell pointer memory. This is because cell pointers
are very small, and the throughput of reading cell pointers
is limited by the clock rate (rather than the memory band-
width), which is unfortunately hard to be increased due to
the limits of thermal dissipation. Nevertheless, as described
in §2.1, the read throughput can be increased by reading mul-
tiple cell pointers at a time. For example, a PD can maintain
4 parallel cell pointer lists, allowing 4 cell pointers to be read
simultaneously.

(4) In practice, the switch does not always use up all memory
bandwidth. For a commodity switch chip, the TM is designed
to be able to achieve full bisection bandwidth. However, in
practice, it is unlikely that all ports are sending and receiving
packets at line rate, as the traffic load rarely reaches 100%
for all ports. To concretely show this, we conduct the same
large-scale simulation as in §3.1. Figure 6(b) shows the CDF of
memory bandwidth utilization on packet drop with different
network loads, where utilization = consumed memory bandwidth

overall memory bandwidth .
We can see that, even under 90% network load, the median
free memory bandwidth is ∼38%.

4 Occamy Design
In this section, we first introduce Occamy’s high-level ideas
and overall structure. Then, we present the design details.

4.1 Overview
To maintain simplicity while leveraging redundant memory
bandwidth for packet expulsion, Occamy embodies three
main ideas:
(1) Occamy decouples admission and expulsion. To over-

come Difficulty 2, Occamy makes the admission and expul-
sion mutually independent. In this way, the admission mod-
ule can enqueue the admitted packets immediately, keeping
the enqueue operations simple. However, this can result in
buffer starvation. As the enqueue operations do not wait,
any arriving packet is dropped once the buffer is full. Thus,
we use the following idea to avoid this issue.

(2) Occamy proactively reserves a small fraction of free
buffer. Since the enqueue operations do not wait, Occamy
proactively reserves a portion of free buffer to protect newly
active flows from buffer starvation. Note that only a small
fraction is needed because Occamy can agilely vacate buffer
for newly active flows.
(3) Occamy reactively expels packets for all over-allocated

queues in a round-robin manner. To overcome Difficulty 3,
Occamy monitors all over-allocated queues, which is simple
as it can be realized by comparing the queue lengths to a
threshold. Besides, rather than only pushing out the longest
queue, Occamy expels packets for all over-allocated queues
in a round-robin manner.
Overall, Figure 7 depicts the high-level structure of Oc-

camy. Different from a non-preemptive BM, Occamy ad-
justs the buffer allocation with both packet admission and
packet expulsion.
Packet admission (§4.2). Packet admission lies at the ingress
side of TM. For each arriving packet, Occamy determines
whether to admit it into the packet buffer based on queue
length statistics.
Packet expulsion (§4.3). Packet expulsion lies at the egress
side of TM. It contains four modules: head-drop selector,
arbiter, demultiplexer, and head-drop executor. First, a head-
drop selector picks an over-allocated queue for expulsion
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Figure 7. Occamy overview

based on queue length statistics. Next, an arbiter resolves the
read conflicts between the head-drop selector and the output
scheduler. For each fetched PD, Occamy determines whether
to drop or dequeue the packet for transmission through a
demultiplexer, with the head-drop executor handling the
packet drops.

4.2 Packet Admission
Similar to non-preemptive BM schemes, Occamy proactively
reserves a fraction of free buffer to avoid buffer starvation for
newly active queues. Unlike non-preemptive BM schemes,
Occamy only needs to reserve a small fraction of free buffer,
as it can utilize head drop to quickly expel the over-allocated
buffer.
To realize this, Occamy leverages DT with adjusted pa-

rameter for both high efficiency and ease of implementation.
As detailed in §2.2, DT is very simple and has already been
widely deployed in the commodity switch chip. Utilizing the
existing mechanisms can facilitate the implementation of Oc-
camy. Moreover, the efficiency of DT can be tuned through
its parameter, 𝛼 [27]. Concretely, a larger 𝛼 enables DT to
make more efficient use of scarce memory resources. For
example, with 𝛼 = 8, DT allows a queue to occupy 88.9% of
the buffer. Nevertheless, 𝛼 should not be arbitrarily large, as
Occamy requires some buffer reservation to accommodate
the newly arriving bursts (more details in §4.4).
Combining the above two ideas, Occamy avoids intro-

ducing new mechanisms for the packet admission module.
Instead, we only need to adjust the parameter of DT in the
existing switch chip.

4.3 Packet Expulsion
The core idea of thismodule is to leverage redundantmemory
bandwidth to actively expel the over-allocated buffer. Next,
we will present its design details.
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Figure 8. Head-drop selector
Selecting a head-drop queue. As analyzed in §3.1, a BM
can work anomalously when the queue length is higher than
the threshold (i.e., 𝑇 (𝑡)). Thus, Occamy considers a queue
over-allocated if and only if its queue length is higher than
𝑇 (𝑡). Moreover, rather than maintaining the longest queue
that can incur non-trivial costs (more details in [73]), Occamy
maintains all over-allocated queues and selects a queue in
a round-robin manner. The above functions are achieved
in the head-drop selector module, whose circuit diagram is
shown in Figure 8. The head-drop selector module contains
two parts: maintaining the over-allocated queues ( 1 ) and
iterating over them ( 2 ).

1 To maintain the over-allocated queues, Occamy uses a
bitmap, whose length is equal to the number of queues, to
indicate whether a queue is over-allocated. Each bit of the
bitmap represents whether the queue length exceeds 𝑇 (𝑡).
For example, the bitmap 00000101 denotes that queue 1 and
queue 3 are over-allocated. Each bit is set by comparing the
queue length to 𝑇 (𝑡), using some simple combinatorial logic
that consists of some cheap comparators.

2 With multiple over-allocated queues, Occamy iterates
over them with a round-robin arbiter, which is a common
hardware component in high-speed crossbar switches [38,
47, 75]. The round-robin arbiter takes the bitmap as input
and gives the index of an over-allocated queue.
Resolving the conflicts between the output scheduler
and head-drop selector. The head-drop operation also
needs to consume the read bandwidth of PD memory and
cell pointer memory. Thus, the read conflict arises when both
output scheduler and head-drop selector fetch packets simul-
taneously. In such cases, the head-drop selector should give
way to the output scheduler. Otherwise, Occamy may not
guarantee line-rate forwarding, which is unacceptable. Thus,
Occamy uses a fixed-priority arbiter to resolve the conflict.
The read requests from the head-drop selector are blocked
whenever the output scheduler needs to fetch a packet.
Performing the head-drop action. If a head-drop request
is granted, Occamy extracts a packet at the head of the queue
and drops it. As explained in §3.2, the head-drop operation
does not need to access the cell data memory. Instead, Oc-
camy simply dequeues the corresponding PDs from the PD
linked list, and returns the cell pointers of the packet to the
free cell pointer list. Moreover, as the head-drop action shares
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lots of operations with the normal dequeue action, it can be
synthesized into the existing packet dequeue pipelines.

Specifically, as shown in Figure 9, a dequeue action mainly
consists of 5 operations: 1 Read a PD from PD memory; 2
Dequeue the PD (i.e., advance the head of the PD linked
lists); 3 Read cell pointer; 4 Free cell (i.e., move the cell
pointer to the free cell pointer list); 5 Read cell data. With a
packet partitioned into multiple cells, operation 3 , 4 , and
5 can be executed multiple times. Moreover, as PD memory,
cell pointer memory, and cell data memory are physically
separate, accesses to them can be parallelized. In this pipeline,
the only difference between the head-drop action and the
normal dequeue action is that the head-drop action does
not need to read the cell data (i.e., operation 5 ). Thus, with
Occamy, these operations can be recomposed to

1 2 3 4 5 1 2 · · ·

where denotes the (extra) execution path introduced by
Occamy.

4.4 Parameter Settings
Occamy includes a parameter 𝛼 , which influences the buffer
efficiency and fairness of Occamy. In this part, we analyze
and discuss the settings of 𝛼 .

Since Occamy directly uses DT for admission control, we
can follow the method and conclusion in [27] to analyze Oc-
camy’s efficiency and fairness. According to [27], the amount
of reserved free buffer in the steady state can be given by

𝐹 =
𝐵

1 + 𝛼𝑁
(2)

where 𝐵 is the buffer size, 𝑁 is the number of congested
queues whose length is equal to the threshold. Eq. (2) de-
notes that Occamy reserves less free buffer with a larger 𝛼 ,
resulting in higher efficiency. Nevertheless, the efficiency
improvement is undermined as the 𝛼 becomes larger. For
example, when 𝑁 = 1, the free buffer reservation is 𝐵/9 with
𝛼 = 8 and 𝐵/17 with 𝛼 = 16, resulting in only a 5.2% increase
in buffer utilization (note that 𝛼 is typically a factor of two to
facilitate the threshold calculation). Thus, it is not necessary
to set a very high value for 𝛼 .

On the other hand, according to [27], when bursty traffic
arrives at inactive queues, Occamy can fairly allocate buffer
only if

𝑅 ⩽ 𝑉

(
1 + 1 + 𝛼𝑁

𝛼𝑀

)
(3)

where 𝑅 is the arrival rate of traffic bursts,𝑉 is the expulsion
rate,𝑀 is the number of queues receiving traffic bursts, and
𝑁 is the number of over-allocated queues. Inequality (3) can
be rewritten as

1
𝛼

⩾
(
𝑅

𝑉
− 1

)
𝑀 − 𝑁 (4)

Inequality (4) implies that 𝛼 can be set to a larger value with
a higher packet expulsion rate. For example, with one over-
allocated queue (i.e.,𝑁 = 1) and one burst arrival (i.e.,𝑀 = 1),
Inequality (4) can be rewritten as 1

𝛼
⩾ 𝑅

𝑉
− 2. When𝑉 ⩾ 𝑅/2,

𝛼 can be arbitrarily high in theory.
In sum, setting 𝛼 involves a tradeoff between efficiency

and fairness, and this tradeoff is less tense with a higher
expulsion rate. Our experiments (in §6.3) show that 𝛼 =

8 is an appropriate choice. Increasing 𝛼 further does not
result in notable improvement in efficiency, but can result in
unfairness.

4.5 Discussions

Impact of preemption.Onemight wonder whether the pre-
emption (i.e., expelling packets by head drop) introduced by
Occamy could impact normal packet processing (e.g., sched-
uling) at switches. Our design ensures that the preemption
does not cause any impacts for the following two reasons.
1 With the fixed-priority arbiter, the preemption only oc-
curs when the output scheduler is not fetching packets from
the queue, avoiding interference with the ongoing packet
processing. 2 If the output scheduler needs to fetch packets
from the queue while Occamy is performing preemption, the
preemption process can be interrupted at any time. Specifi-
cally, as shown in Figure 9, interruption occurs at the begin-
ning of either Cycle 1/2 or Cycle 3/4. In the former case (at
the beginning of Cycle 1 or 2), Occamy has not yet modified
to the queue (i.e., PD linked list), allowing the output sched-
uler to dequeue packets as if Occamy were not present. In
the latter case (at the beginning of Cycle 3 or 4), the PD to
be expelled has already been removed from the queue by the
end of Cycle 2, so the output scheduler will believe that the
corresponding packet has been dequeued, thereby starting
to dequeue a new packet.
What if there is no redundant bandwidth?Without re-
dundant memory bandwidth (i.e., the memory bandwidth is
saturated), Occamy operates similarly to Dynamic Threshold
(DT), which is sufficient because there is no need to agilely
adjust buffer allocations. Specifically, memory bandwidth
saturation occurs only when all ports are transmitting and
receiving packets at full rate. In this case, the overall ingress
traffic rate is nearly equal to the egress traffic rate. From
the buffer’s perspective, the traffic arrival rate matches the
departure rate, leading to relatively stable buffer occupancy
in each queue, thereby reducing the need for agile buffer
management.
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Table 1. Hardware Cost
FPGA Cost ASIC Cost

Module LUTs Flip
Flops

Timing
(𝑛𝑠)

Area
(𝑚𝑚2)

Power
(𝑚𝑊 )

Selector 1262 47 1.49 0.023 0.895
Arbiter 3 0 0.17 2.3e-5 0.003
Executor 47 7 0.38 7.3e-4 0.044

5 Implementation
In this section, we first analyze the hardware costs of Oc-
camy’s components. Then we describe the implementations
of a proof-of-concept hardware prototype based on P4 and a
full-featured software prototype based on DPDK.

5.1 Hardware Cost
To evaluate the hardware cost of Occamy, we implement
the head-drop selector (with a 64-bit bitmap), arbiter, and
head-drop executor with 215, 11, and 60 lines of Verilog
code, respectively. To analyze the overhead of each hardware
component, we use Vivado Design Suite [8] to evaluate the
FPGA resource consumption. Furthermore, we use Design
Compiler [78] to synthesize each component on an open-
source 45nm ASIC technology library [41] to evaluate the
timing, chip area, and power consumption.
Table 1 shows the FPGA resource consumption of each

component reported by Vivado and the ASIC cost reported
by Design Compiler. Note that the numbers are per switch
chip, as all queues share the same head-drop selector, arbiter,
and executor. The majority of hardware cost comes from
the head-drop selector. Specifically, the head-drop selector
requires ∼1200 LUTs and dozens of Flip Flops, incurring
little resource consumption on FPGA (note that an FPGA
chip typically contains hundreds of thousands of LUTs and
Flip Flops [7]). Besides, the timing reports show that the
head-drop selector has a delay of less than 1.5ns, indicating
that Occamy can expel a packet every 2 cycles with a 1GHz
clock, which is fast enough, as expelling a packet usually
requires several cycles to dequeue multiple cell pointers.
Furthermore, Occamy introduces less than 0.03𝑚𝑚2 ASIC
area and 1𝑚𝑊 power, which are negligible for a commodity
switch ASIC.

5.2 P4-based Hardware Prototype
We implement Occamy with 616 lines of code in P4, which
can run on our Intel Tofino switch. As the TM cannot be
programmed, we cannot implement the head-drop selector
and fixed-priority arbiter. Consequently, we only implement
the packet admission module and head-drop operations to
examine the benefits brought by actively expelling packets
for over-allocated queues.
Admission. The admission control is implemented in the
ingress pipeline. The admissionmodule requires queue lengths
and threshold. In our switch, queue lengths can be obtained

only at the egress pipeline. We follow the method in [9, 92] to
make them available at the ingress pipeline. Specifically, we
generate special packets called SYNC packets. These packets
read the queue lengths from the egress pipeline and return
to the ingress pipeline via recirculation, where the queue
lengths are copied to the ingress register array. The thresh-
old is also calculated as SYNC packets traverse through the
egress pipeline and is synchronized to the ingress pipeline in
the same manner. Whenever a packet arrives at the ingress
pipeline, we compare the length of the corresponding queue
to the threshold given by DT, deciding whether to accept the
packet.
Head drop. The head drop is implemented in the egress
pipeline. Whenever a packet arrives, we compare the thresh-
old to the length of the queue it comes from. The head drop
operation is conducted by setting the metadata drop_ctl.
Specifically, we set drop_ctl=1 if the queue length is higher
than 𝑇 (𝑡), which tells the switch to drop the packet.

5.3 DPDK-based Software Prototype
We also implement a software prototype of Occamy with
DPDK. We use a server with eight 10Gbps NICs to emulate
the switch and implement Occamy on top of it. The proto-
type consists of four modules: an RX module, a forwarding
module, a TX module, and an expulsion module. Each mod-
ule runs on separate CPU cores. Occamy is implemented on
the forwarding module and expulsion module.
RX, forwarding, and TX module. The RX module polls
each NIC port for packets and delivers them to the forward-
ing module through an RX queue. The forwarding module
fetches packets from the RX queue, and determines the des-
tination queue of each packet. Then the forwarding module
executes Occamy’s admission control component, i.e., it de-
cides whether to admit the packet based on DT. Passing the
BM, the packet is put into the corresponding output queue.
The TX module fetches packets from the output queues and
delivers them to the NIC. Furthermore, to accelerate the TX
module, we assign a dedicated CPU core to send packets for
each NIC port.
Expulsion module. The expulsion module has two func-
tions. 1 It ensures that packet expulsion is performed only
with redundant memory bandwidth. To achieve this goal,
we maintain a token bucket, and generate tokens based on
the switching capacity. Specifically, our software switch has
eight 10Gbps ports and thus can forward packets at a rate of
80Gbps. We assume that each packet is partitioned into 200B
cells2, which means that the switch can dequeue a cell every
20ns. Consequently, we generate a token every 20ns and put
it into a bucket3. When a packet is dequeued or dropped, the
corresponding number of tokens is removed from the bucket.
2Note that, in practice, packets are not divided into cells within the switch.
The division into cells is merely a theoretical assumption used to analyze
the token generation process.
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(b) Occamy, 𝛼 = 4
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Figure 10. [P4] Queue length evolution
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Figure 11. [P4] Ability of absorbing traffic bursts with different 𝛼s

To guarantee line-rate forwarding, the TX module is always
allowed to dequeue packets and remove tokens from the
bucket even without enough available tokens (in this case
the number of tokens will become negative). In comparison,
only with enough available tokens can the expulsion module
fetch a packet. In this way, the expulsion module can only uti-
lize the redundant memory bandwidth for packet expulsion.
2 The expulsion module selects an over-allocated queue and
drops the head packet. To achieve this, we maintain a bitmap
to track which queues are over-allocated. Then the expulsion
module iterates over the over-allocated queues and drops a
packet at the head of the queue (if there are enough tokens).
Differences from an ASIC switch. As we don’t control
the operating system, we cannot exactly control the timing
of the software prototype as a real ASIC-based hardware
switch. As a result, the software prototype is not identical
to an ASIC-based hardware switch. The differences lie in:
1 fixed-priority arbiter that can ensure the priority access
to buffer for output scheduler, and 2 packet dequeue that
fetches PDs, cell pointers, and cells from different memory in
a pipelined manner. Nevertheless, the software prototype im-
plements Occamy’s preemption behavior, albeit with some
differences. Specifically, the software prototype can quickly
detect whether the queue length exceeds the threshold and
actively vacate the over-allocated buffer. Additionally, it em-
ploys a token-bucket-based mechanism to ensure that pre-
emption only utilizes redundant memory bandwidth, which
can reflect the intended preemption logic.

3In practice, it is difficult to achieve such a fine granularity. Instead, we
generate 𝑑/20 tokens every time, where 𝑑 is the interval between token
generations.

6 Evaluation
In this section, we evaluate Occamy with both testbed ex-
periments (§6.1, §6.2, and §6.3) and ns-3 simulations (§6.4).

6.1 P4-based Hardware Prototype

Testbed Setup.We build a small testbed with one sender and
two receivers. The topology is shown in Figure 11(a). Each
server has a 16-core 2.10GHz x86 CPU and 16GB memory.
The sender is equipped with a dualport 100GbE NIC, con-
nected to the switch with two 100Gbps links. Each receiver
is equipped with an 10GbE NIC, connected to the switch
with a 10Gbps link. The switch has a 6.5Tbps Intel Tofino
switch chip. The traffic are generated by Pktgen-DPDK [66].
We consider a scenario shown in Figure 11(a). At the be-

ginning, we generate long-lived traffic from the sender to
receiver 1. After a while, we generate bursty traffic from
the sender to receiver 2. The long-lived traffic is ongoing
throughout the experiment, while the bursty traffic only lasts
for ∼0.8𝜇s. The long-lived traffic and bursty traffic are sent
from different NIC ports and heading for different receivers
so as not to affect each other beyond the switch.
Occamy is agile and can quickly adjust buffer alloca-
tion. Figure 10 shows the queue length evolution of Occamy
and DT. Figure 10(a) and Figure 10(b) show that Occamy
can quickly adjust buffer allocation as the bursty traffic ar-
rives, and the bursty traffic does not drop packets until it
is allocated with the fair-share amount of buffer. In com-
parison, Figure 10(c) and Figure 10(d) show that only with
enough free buffer reservation (i.e., 𝛼 = 1) can DT adjust
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Figure 12. Ability of absorbing traffic bursts

buffer allocation in time. Without enough buffer reserva-
tion (i.e., Figure 10(d)), DT is not able to quickly release the
over-allocated buffer for the long-lived traffic. As a result,
the packets of the newly arrived bursty traffic are dropped
before obtaining the deserved buffer allocation.
Occamy can absorb more traffic bursts. Figure 11 shows
the loss rate of bursty traffic with different burst sizes. We
make two observations:
(1) Occamy can absorb more bursty traffic by avoiding the

anomalous behavior. With the same amount of free buffer
reservation, Occamy can absorb more bursty traffic than DT.
For example, Figure 11(d) shows that Occamy can absorb 57%
more bursty traffic than DT with an 𝛼 of 4. This is attributed
to the agility of Occamy, i.e., it can quickly make buffer
for newly arrived bursty traffic. In comparison, DT is not
agile enough, thereby reluctantly dropping packets of bursty
traffic before getting fair buffer share.

(2) Occamy can absorb more bursty traffic by higher buffer
efficiency. Figure 11(b) and Figure 11(d) show that, with 𝛼 = 4,
Occamy can absorb 29% more bursty traffic than that with
𝛼 = 1. In comparison, DT absorbs 12% less bursty traffic
with 𝛼 = 4 than that with 𝛼 = 1. This is because Occamy is
agile even with a little free buffer reservation, and thus can
utilize more buffer for burst absorption. In comparison, DT
is not agile enough without enough free buffer reservation,
and thus cannot improve burst absorption by higher buffer
efficiency.

6.2 DPDK-based Software Prototype

Testbed Setup. We build a small testbed with eight hosts.
Each host is a Dell PowerEdge R730 server with a 16-core
Intel Xeon E5-2620 2.1GHz CPU and 16GB DDR4 memory.
Each server is equipped with an Intel 82599 10GbE NIC, con-
nected to a DPDK-based software switch with a 10Gbps link.
The software switch is emulated by a server with two In-
tel XL710 Quad Port 10GbE NICs. Following the features of
Broadcom Tomahawk switch chip [84], the switch contains
5.12KB buffer-per-port-per-Gbps (i.e., 410KB in total). Dif-
ferent from the testbed in P4-based evaluations, the traffic
is sent through Linux kernel’s network stack, which allow
us to use DCTCP as the congestion control algorithm. The
ECN threshold is set to 65 packets as suggested by [5]. We

compare Occamy with DT, ABM [1], and Pushout, where
ABM is a recently proposed non-preemptive BM that can
ensure performance isolation. Unless otherwise specified,
we set 𝛼 = 1 for DT (as suggested by [27]), 𝛼 = 2 for ABM
to achieve better performance4, and 𝛼 = 8 for Occamy.
Occamy can absorb more traffic bursts.We use the open-
source traffic generator [16] to generate two kinds of traffic.
1 Bursty query traffic: A client on each host periodically
sends queries to 16 servers on other hosts (each host runs
2 servers). Receiving the query, each server will generate a
response to the client. The total amount of response data
(termed as query size) is varied to generate different burst
sizes. The queries are generated according to a Poisson pro-
cess, with a network load of 1%. 2 Background traffic: This
kind of traffic follows a 1-to-1 pattern. We generate back-
ground flows according to a Poisson process. The sender and
receiver are randomly chosen, and the flow size follows the
web-search distribution [5]. The load of background traffic
is 50%.
Figure 12 shows the query completion time (QCT) of the

query traffic and the flow completion time (FCT) of the back-
ground traffic. Here, FCT refers to the time required to trans-
mit a flow, while QCT refers to the time required to trans-
mit all flows in a query task. We make two observations.
(1) Occamy can significantly improve the performance of
query traffic. Figure 12(a) shows that, compared to DT and
ABM, Occamy can reduce the average QCT by up to ∼55%
and ∼42%, respectively. Figure 12(b) shows that Occamy can
avoid retransmission timeout (RTO) with the burst size be-
low 80% of the buffer size, which is 33% and 60% higher
than DT and ABM, respectively. (2) Occamy’s performance
gain of burst absorption does not come at the cost of hurt-
ing background flows. Figure 12(c) shows that the average
FCT of Occamy is comparable to that of DT and ABM. Fig-
ure 12(d) shows that the 99th percentile FCT for small flows
(i.e., flow size < 100KB) is comparable to ABM and up to
∼57% shorter than DT. This is because Occamy only drops
the over-allocated buffer of background flows, rather than
seizing their deserved buffer.

4We do not set a larger 𝛼 for unscheduled packets because we assume that
the end hosts remain untouched.
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Figure 13. Performance isolation
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Figure 14. Mitigation of buffer choking

Occamy can ensure performance isolation. For this ex-
periment, we set up our switch with two service queues
per port, which are fairly scheduled with Deficit Round
Robin (DRR). The background traffic and query traffic are
assigned to different queues for performance isolation. The
background flows use CUBIC as their congestion control
algorithm. Other settings remain unchanged. We vary the
load of background traffic to examine its impact on the per-
formance of query traffic.
Figure 13(a) and Figure 13(b) show the average QCT and

99th percentile QCT of the query traffic, respectively. Fig-
ure 13(b) shows that, as the load of background traffic in-
creases, DT and ABM can result in RTOs for query traffic,
which significantly extends the QCT. Since the background
traffic and the query traffic are put into different queues,
the RTOs mainly result from the inability to quickly adjust
the buffer allocation. In comparison, Occamy can quickly
adjust the buffer allocation by actively expelling the packets
for over-allocated queues, achieving significantly lower 99th
percentile QCT.
Occamy can effectively mitigate the buffer choking
problem. For this experiment, we set up our host and switch
with two priority queues. The query flows are assigned with
the high priority (HP), whereas the background flows are
assigned with the low priority (LP). For the HP queue, we
set the 𝛼 of DT, ABM, and Occamy to 8 so that more buffer
is allocated to HP traffic. For the LP queue, we set the 𝛼 to
1. Other settings remain unchanged. We let a host receive
both query flows and background flows from the other hosts,
so that two priority queues are congested at the same port
simultaneously. Hopefully, the LP background traffic should
not affect the HP query traffic.
Figure 14(a) and Figure 14(b) show the average and 99th

percentile QCT, respectively. The solid line depicts the QCT
without background traffic, whereas the dashed line depicts
the QCT with background traffic. We can observe that Oc-
camy achieves similar performance to Pushout, i.e., the back-
ground traffic does not affect the performance of query traffic
much even though they share the same buffer. In contrast,
the background traffic significantly extends the QCT of DT
and ABM. Figure 14(a) shows that, the background traffic can
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Figure 15. Impact of 𝛼

extend the average QCT of DT by up to ∼6.6×. Figure 14(b)
shows that the background traffic can extend the 99th per-
centile QCT of DT by up to ∼60×. ABM achieves better QCT
than DT, which is expected since ABM restricts the queue
length of LP queues. However, it cannot radically address the
buffer choking problem. Figure 14(a) shows that the back-
ground traffic can extend the average QCT of ABM by up
to ∼5.7×. This is because ABM is also non-preemptive and
relies on natural queue drain to adjust buffer allocation.

6.3 Parameter Settings
We use our DPDK-based testbed to explore the impact of
parameter 𝛼 . The same as previous experiments, we put back-
ground traffic and query traffic into two queues, which are
fairly scheduled by DRR. Other settings are kept unchanged.
Figure 15 shows the 99th percentile QCT of DT and Occamy
with different 𝛼s. Figure 15(a) shows that DT achieves better
performance with 𝛼 = 1 or 𝛼 = 2. The performance is de-
graded with either smaller 𝛼 or larger 𝛼 . This is because DT
is more inefficient with small 𝛼 , and is prone to anomalous
behavior with large 𝛼 . In comparison, Figure 15(b) shows
that Occamy achieves better performance with larger 𝛼 . This
is because Occamy can avoid anomalous behavior under the
support of fast buffer expulsion, and thus can use a large 𝛼
to improve efficiency. Nonetheless, we also observe that the
performance improvement is undermined with 𝛼 larger than
4. Specifically, Figure 15(b) shows that the performance with
𝛼 = 8 is very close to that with 𝛼 = 4. This is because the
improvement of buffer utilization is small with large 𝛼 (as
analyzed in §4.4). Thus, we recommend setting 𝛼 to 8.
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Figure 16. Query Completion Time (QCT) and Flow Completion Time (FCT)
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Figure 17. Performance with all-to-all traffic
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Figure 18. Performance with all-reduce traffic

6.4 Large-scale Simulations

Topology. We simulate a 128-host leaf-spine topology with
8 spine switches and 8 leaf switches. Each leaf switch is
connected to 16 hosts with 100Gbps down links and 8 spine
switches with 100Gbps up links. The base RTT across spine
is 80𝜇s. We employ ECMP for multi-path load balancing. To
emulate the Broadcom Tomahawk switch chip, we make
every 8 ports share 4MB buffer [17, 84]. As a result, the leaf
switches contain 12MB buffer in total, whereas the spine
switches contain 8MB buffer.
Workload.We generate query traffic and background traffic
similarly to the previous DPDK-based experiments. Each
server generates 200 queries per second. The load of back-
ground traffic is 90%. We use DCTCP [5] as the conges-
tion control algorithm, with ECN threshold set to 720KB
(i.e., 0.72BDP) as suggested by [17]. The minimum RTO is
set to 5ms.
Performance. Figure 16 shows the performance of query
traffic (in terms of QCT slowdown) and background traffic
(in terms of FCT slowdown). Here, slowdown is the ratio
between the actual value and the ideal value without other
traffic. We make two observations. (1) Occamy can improve
the performance of bursty query traffic. Figure 16(a) shows
that Occamy reduces the average QCT slowdown of DT and
ABM by up to ∼44% and ∼36%, respectively. Figure 16(b)
shows that Occamy reduces the 99th percentile QCT slow-
down of DT and ABM by up to ∼46%. (2) Occamy is also

beneficial to the background flows. Figure 16(a) shows that
Occamy reduces the average FCT slowdown of DT and ABM
by up to ∼20% and ∼13%, respectively. Figure 16(b) shows
that, for small flows, Occamy reduces the 99th percentile
FCT slowdown of DT and ABM by up to ∼32%.
Performance with all-to-all/all-reduce traffic. To exam-
ine Occamy’s performance in prevalent AI scenarios, we
generate all-to-all and all-reduce background traffic. For all-
to-all traffic, every host sends the same amount of data to all
other hosts. For all-reduce traffic, we generate flows based
on the prevailing double binary tree algorithm [69], with all
flows having an identical size.
Figure 17 and Figure 18 show that Occamy can improve

both the QCT for query traffic and FCT for background
traffic. Specifically, in the all-to-all scenario, Occamy can
improve the average QCT and 99th percentile FCT of DT by
up to ∼33% and ∼88%, respectively. In the all-reduce scenario,
Occamy can improve the average QCT and 99th percentile
FCT of DT by up to ∼48% and ∼73%, respectively.
Performance with higher query traffic rate. In previ-
ous scenarios, the load of query traffic is not very high. In
this part, we examine Occamy’s performance with higher
query traffic rate. We vary the load of query traffic from 10%
(i.e., 186 queries per second per server) to 80% (i.e., 1,490
queries per second per server)5. The query size is 80% of the

5Load = # queries_per_second × query_size × oversubscription_ratio /
link_capacity, where query_size=3.2MB, oversubscription_ratio=2, and
link_capacity=100Gbps.
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Figure 19. Performance with higher query traffic load

buffer size (i.e., 3.2MB). The load of background traffic is 10%.
As a result, the overall load varies from 20% to 90%. Results
with higher load can be found in [73].

Figure 19(a) shows that Occamy can improve the average
QCT of DT and ABM by up to ∼38% and ∼34%, respectively.
Besides, the performance improvements of both Occamy
and Pushout are more notable at lower query load. This is
because DT’s inefficiency is more pronounced with fewer ac-
tive ports [27], and thus Occamy has more space to improve
performance. Figure 19(b) shows that BM has little influence
on the performance of background traffic. This is because
the background traffic is light-loaded, and thus has minimal
requirement on buffer.

7 Related Work
Preemptive BM. Preemptive schemes (which are also called
Pushout) can arbitrarily overwrite or evict packets residing in
the buffer. They had been proved to be optimal, but were con-
sidered to be hard to implement. SDR [82] accepts a packet
whenever there is free buffer space and either drops the arriv-
ing packet or swaps out an accepted packet when the buffer
becomes full. DoD [89] proposed to purge the longest queue
when the buffer becomes full. POT [31] pushes out an ac-
cepted packet only when the length of corresponding queue
for the newly arrived packet is below a certain threshold.
LossPass [56] proposes to evict packets of large flows tomake
room for newly arrived small flows. Some other work [29,
60] studied the implementation of Pushout. Choudhury and
Hahne [29] proposed an implementation of Pushout that
can reduce the required memory footprint for maintaining
queues. QPO [60] proposed to discard packets in the near-
longest queue, which is easy to be maintained. However, it
still entails complex enqueue operations. Several studies [25,
30, 57, 79] focused on Pushout schemes with multiple (loss)
priorities. However, as analyzed in §2.2, these schemes can
introduce unacceptable implementation overhead.
Non-preemptive BM. Non-preemptive schemes only drop
packets before they enter into the buffer. They are simple
to implement. Typically, they use threshold(s) to restrict the
length of each queue. SMXQ [50], SMA [68], SMQMA [54],

and Harmonic [55] use static threshold(s) to provide a min-
imum buffer guarantee and restrict the maximum queue
length for fairness. To adapt BM to varying traffic loads,
DT [26–28, 40], PSPP [91], and DFT [43] dynamically adjust
the threshold(s) based on the buffer occupancy and queue
length. Among them, DT [26–28] has become the de facto
BM in commodity switch chips due to its simplicity. Other
studies [14, 15, 80, 83] proposed to leverage adaptive con-
trol to dynamically adjust the thresholds based on the traffic
load. In recent years, as the buffer becomes increasingly
insufficient, the importance of BM has been brought to at-
tention again. Many BM schemes have been proposed to
improve burst absorption and adaptivity. EDT [71], FAB [10],
TDT [49], Smartbuf [67], and Protean [6] improve the abil-
ity of burst absorption by allocating more buffer to bursty
traffic. NDT [88] leverages deep reinforcement learning to
dynamically adjust the parameters of DT as the traffic pat-
tern changes. ABM [1] adapts the threshold based on both
total buffer occupancy and queue drain time to achieve pre-
dictable burst tolerance, performance isolation, and bounded
buffer drain time simultaneously. Reverie [2] uses themoving
average queue length to improve burst absorption. However,
these non-preemptive schemes cannot quickly adjust the
buffer allocation as the over-allocated buffer can only be
released by naturally sending out the traffic. Credence [3]
makes packet drop decisions based on machine-learning-
based predictions of future packet arrivals. However, it re-
quires ML algorithms in the dataplane, which can incur high
overhead.

8 Conclusion
In this paper, we argue that today’s BM requires agile adjust-
ment of buffer allocation facing dynamic traffic, while the
agility of the de facto BM is limited by its non-preemptive
nature. On the other hand, although preemptive BMs were
considered as difficult to implement in history, we find that
the new advances in switch chips have opened the door
to realizing preemptive mechanisms. We propose Occamy,
which utilizes the redundant memory bandwidth to quickly
expel the packets for the over-allocated queues. Experiment
and simulation results show that Occamy significantly out-
performs non-preemptive BMs in terms of burst absorption,
performance isolation, and buffer choking mitigation.
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A Artifact Appendix
A.1 Abstract
The artifacts associated with this paper consist of five main
components, running on five testbeds: (1) Experiments con-
ducted on a commodity Huawei switch, (2) Experiments
conducted on a P4-based hardware prototype, (3) Experi-
ments conducted on a DPDK-based software prototype, (4)
Experiments conducted using the ns-3 simulator, and (5)
Experiments based on Verilog code.

A.2 Description & Requirements
A.2.1 How to access. The code as well as instructions
to reproduce the results can be found at https://github.c
om/ants-xjtu/Occamy or on Zenodo with DOI number
10.5281/zenodo.14871138.

A.2.2 Hardware dependencies.

• A switch supporting the following features (Huawei
CE6865 switch in our testbed):
– Eight 40GbE ports
– Dynamic buffer allocation via DT, with 𝛼 tunable.
– The packet buffer size can be configured
– At least 8 queues, supporting strict priority and
weighted round-robin scheduling.

– ECN marking
• A programmable switch with an Intel Tofino switch
chip (EdgecoreWedge 100BF-32X switch in our testbed)

• A server equippedwith a dual-port 100GbENIC (NVIDIA
ConnectX-6 Dx in our testbed)

• Eight servers, each equipped with an 10GbE NIC (Intel
82599 in our testbed)

• Four servers, each equipped with a dual-port 40GbE
NIC (Intel XL710 in our testbed)

• A server equipped with eight 10Gbps NIC ports (two
Intel XL710 Quad Port 10GbE NICs in our testbed)

• A server with at least 256GB memory

A.2.3 Software dependencies.

• Synopsys Design Compiler 2016, running on Ubuntu
22.04.

• AMD Vivado Design Suite 2024.1, running on Win-
dows 11 or Ubuntu 22.04.

• Intel DPDK 24.11 and pktgen-dpdk 24.10.3.
• iPerf3
• Traffic Generator: https://github.com/Hijack8/Traffi
cGenerator

A.2.4 Benchmarks. None.

A.3 Set-up
The instructions to set up the testbed is detailed in https:
//github.com/ants-xjtu/Occamy. There are five testbeds:

• (T1): Four servers, each connected to a Huawei CE6865
switch via two 40GbE links. More details in https:
//github.com/ants-xjtu/Occamy/tree/eurosys25-
artifacts/exp/motivation.

• (T2): Three servers, connected to an Intel Tofino switch
via 10Gbps/100Gbps links. More details in https://
github.com/ants-xjtu/Occamy/tree/eurosys25-
artifacts/exp/p4.

• (T3): Eight servers, each connected to a DPDK-based
software switch via a 10Gbps link. More details in
https://github.com/ants-xjtu/Occamy/tree/eurosys
25-artifacts/exp/dpdk.

• (T4): An Ubuntu 24.04 server with at least 256GB
memory to run ns-3 simulator. More details in https:
//github.com/ants-xjtu/Occamy-Simulation.

• (T5): A server with AMD Vivado Design Suite 2024.1
and Synopsys Design Compiler 2016 installed. More
details in https://github.com/ants-xjtu/Occamy/tree
/eurosys25-artifacts/exp/verilog.

A.4 Evaluation workflow
A.4.1 Major Claims.

• (C1): When reproducing Figure 5, the receiver should
be run on a high-performance server, as it must han-
dle massive flows at an extremely high rate (i.e., seven
40Gbps senders). A high-performance server is essen-
tial to mitigate CPU bottlenecks. In our testbed, the
receiver is equipped with an Intel Core i9-14900K CPU
and 64GB of memory.

• (C2): The ns-3 simulator is memory-consuming. When
reproducing the simulation results, the server should
be equipped with at least 256GB memory.
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• (C3): The server to run Intel DPDK should contain at
least 12 CPU cores and 64GB memory.

A.4.2 Experiments.
Experiment (E1): [Performance degradation due to anomalous
behavior]: The experiments are conducted on testbed T1,
reproducing Figure 5. The detailed instructions can be found
at https://github.com/ants-xjtu/Occamy/tree/eurosys25-
artifacts/exp/motivation.

Experiment (E2): [Experiments on P4-based hardware proto-
type]: The experiments are conducted on testbed T2, repro-
ducing Figure 10 and Figure 11. The detailed instructions
can be found at https://github.com/ants-xjtu/Occamy/tree
/eurosys25-artifacts/exp/p4.

Experiment (E3): [Experiments on DPDK-based software proto-
type]: The experiments are conducted on testbed T3, repro-
ducing Figure 12, Figure 13, Figure 14, and Figure 15, The de-
tailed instructions can be found at https://github.com/ants-
xjtu/Occamy/tree/eurosys25-artifacts/exp/dpdk.

Experiment (E4): [Experiments on ns-3 simulator]: The ex-
periments are conducted on testbed T4, reproducing Fig-
ure 6, Figure 16, Figure 17, Figure 18, and Figure 19. The de-
tailed instructions can be found at https://github.com/ants-
xjtu/Occamy-Simulation.

Experiment (E5): [Estimation of hardware costs]: The exper-
iments are conducted on testbed T5, reproducing Table 1.
The detailed instructions can be found at https://github.com
/ants-xjtu/Occamy/tree/eurosys25-artifacts/exp/verilog.
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