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ABSTRACT
Push-In-First-Out (PIFO) queue has been extensively studied as
a programmable scheduler. To achieve accurate, large-scale, and
high-throughput PIFO implementation, we propose the Balanced
Multi-way (BMW) Sorting Tree for real-time packet sorting. The
tree is highly modularized, insertion-balanced and pipeline-friendly
with autonomous nodes.

Based on it, we design two simple and efficient hardware designs.
The first one is a register-based (R-BMW) scheme. With a pipeline,
it features an impressively high and stable throughput without
any frequency reduction theoretically even under more levels. We
then propose Ranking Processing Units to drive the BMW-Tree
(RPU-BMW) to improve the scalability, where nodes are stored in
SRAMs and dynamically loaded into/off from RPUs. As the capacity
of BMW-Tree grows exponentially, only a few RPUs are needed for
a large scale.

The evaluation shows that when deployed on the Xilinx Alveo
U200 card, R-BMW improves the throughput by 4.8x compared to
the original PIFO implementation, while exhibiting a similar capac-
ity. RPU-BMW is synthesized in GlobalFoundries 28nm process,
costing a modest 0.522% (1.043mm2) chip area and 0.57MB off-chip
memory to support 87k flows at 200Mpps. To our best knowledge,
RPU-BMW is the first accurate PIFO implementation supporting
over 80k flows at as fast as 200Mpps.
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working hardware;
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1 INTRODUCTION
In the traffic manager (TM), the scheduler is such an indispens-
able component that it guarantees the Quality of Service (QoS) and
Quality of Experience (QoE) required by a Service Level Agreement
(SLA). Since the last century, academia and industry have proposed
numerous scheduling algorithms to achieve various application
requirements [1–6]. With the development of technologies, there
are still many new scenarios calling for appropriate scheduling
algorithms, such as distributed machine learning and high perfor-
mance computing. However, due to the high cost of designing and
deploying switch ASICs, seldom scheduling algorithms are put into
production.

With the rise of programmable data planes, programmable sched-
ulers are under the spotlight and receiving more and more attention.
A programmable scheduler is such a magic bullet that it allows most
existing or brand-new scheduling algorithms to be implemented
with generic hardware, which enables rapid testing and deploy-
ment. In addition to being expressive enough, a programmable
scheduler should have high throughput and a large scale to work
in next-generation networks.

Programmable schedulers should be fast to keep pace with the
line rate to avoid lagging, which is typically 100-400 Gbps [7].
It is such a big challenge that a medium-sized packet has to be
processed and forwarded within 10.24 ns when the line rate is 400
Gbps. Only a few scheduling algorithms have been reported to work
in line-rate switches: DRR, traffic shaping, and strict priorities [8].
A fast enough programmable scheduler should break the awkward
situation and make various algorithms more feasible.

Programmable schedulers are expected to be scalable to support
enormous numbers of flows. In a modern multi-tenant data center,
it is not uncommon for hundreds of virtual machines or containers
to run on a single physical machine, with each generating tens of
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thousands of flows [8, 9]. It seemingly will be a great challenge for
a scheduler to be scalable enough to serve flows well with a limited
chip area.

The most popular abstraction for a programmable scheduler is
the one proposed by Sivaraman et al. [7]: Push In First Out (PIFO),
which ranks packets andmaintains them in a priority queue. Packets
can be pushed in an arbitrary position according to rank and leave
from the head. By changing the rank computation function, PIFO
can express a wide range of scheduling algorithms. Although the
hardware design given by Sivaraman’s team achieves the line rate,
its scale is limited by hardware resources, far from meeting the
scalability requirement of next-generation networks.

Essentially, in the hardware implementation of PIFO, what we
need to perform the scheduling algorithms is a priority queue (PQ),
which has been extensively studied. Existing solutions include bi-
nary trees [10], binary heaps [11–15], shift registers [10, 16, 17],
systolic arrays [10, 18], register-based arrays and calendar queues
[19], as well as the hybrid methods or variants. Among them, the
systolic arrays like single-instruction–multiple-data (SIMD) PQ ar-
chitecture [20] is the fastest, whose throughput is 10x that of PIFO’s
original design, but the scale is not improved a lot. pHeap [15] can
support 217 flows while serving only 10 Gbps traffic. Apparently,
it is hard to construct a priority queue with high throughput and
large scale.

In order to combine the large scale and high throughput, a large
number of approximate implementations of the PIFO model have
sprung up in recent years, mainly using First-In-First-Out (FIFO)
queue(s) [21, 22] and Calendar Queue (CQ) [23–26] to model the
behavior of PIFO. However, at any time, the ranks of packets in the
scheduler will typically fall within a limited range of values [27],
which is dependent on scheduling policy and traffic load. These
methods require fine tuning of parameters and may face reordering
under some circumstances, leading to weaker performance guaran-
tees [8, 28].

Previous researches either approximate PIFO with some rank
reorders, or cannot combine high speed and large scale. To build an
accurate, large-scale and high-throughput PIFO queue, we propose
the Balanced Multi-way sorting tree (BMW-Tree) and present 2
hardware designs. Any work that uses the PIFO programmable
scheduler model [29–34] can benefit from our design, and we be-
lieve it is a promising component for a next-generation traffic man-
ager.

We summarize the contributions of this paper as follows:

• Anovel data structure called BalancedMulti-way sorting tree
(BMW-Tree) is designed to realize the PIFO model at high
speed. It is modularized, insertion-balanced and pipeline-
friendly with autonomous nodes, contributing to simple and
efficient hardware designs.

• We provide two hardware designs: register-based (R-BMW)
and RPU-driven (RPU-BMW) BMW-Tree. Both of them are
pipelined, and their frequencies are independent of the num-
ber of levels when hardware resources are affluent, owing to
the modularized and autonomous nodes. R-BMW has high
throughput, and a push-pop consecutive operation sequence
costs R-BMW 2 cycles. To improve the scalability, we intro-
duce Ranking Processing Units (RPU) for data processing

and store tree nodes in SRAMs. RPUs run in the pipeline to
maintain high throughput, and it can process a push and a
consecutive pop every three cycles. With only a few RPUs,
RPU-BMW can support a large number of packets.

• The proposed hardware designs are implemented in Verilog,
targeting a Xilinx Alveo U200 Data Center Accelerator Card
with an XCU200 FPGA. Their performance is evaluated and
compared with the original PIFO implementation. Thanks
to the modularized and pipelined design, R-BMW features
an impressive throughput, which is 4.8 times that of the
original PIFO implementation. An 11-level 2-way R-BMW
is reported to reach 192 Mpps (million packets per second)
for 4k flows. As for RPU-BMW, it has a remarkable capacity
with the RPU-driven structure. The 8-level 4-way RPU-BMW
supports 87k flows at 93 MHz. When the capacity is similar,
RPU-BMWhas a comparable throughput to R-BMW. Overall,
RPU-BMW has both a high throughput and a large scale.

• To further validate the efficacy of RPU-BMW, we synthesize
its Verilog code in GlobalFoundries 28 nm process with off-
chip memory. 8-level 4-way RPU-BMW supports 87k flows
at 200 Mpps, consuming a mere 0.522% (1.043mm2) chip area
and 0.57 MB off-chip memory. With an average packet size of
512 bytes, RPU-BMW reaches over 800 Gbps line rate. RPU-
BMW is the first accurate PIFO implementation that supports
more than 80k flows at as fast as 200 Mpps. The project is
available at https://github.com/BMWTree/BMWTree.

The rest of the paper is organized as follows. We start with the
background and introduce some classical scheduling algorithms
and PIFO model in Section 2. Then, in Section 3, the data structure
and algorithms of BMW-Tree are displayed. What follows are two
pipelined hardware designs: register-based BMW-Tree in Section 4
and RPU-driven BMW-Tree in Section 5. Section 6 provides experi-
mental verification for hardware performance. A review of prior
related work is shown in Section 7. Finally, we conclude the paper
in Section 8.

This work does not raise any ethical issues.

2 BACKGROUND
2.1 Scheduling Algorithms
Over the past several decades, a great many packet scheduling
algorithms have been designed according to various application
requirements. In general, scheduling algorithms can be classified
into work-conserving and non-work-conserving. As long as the
link is idle and the queue is non-empty, a work-conserving algo-
rithm will schedule a packet to the egress port. The most prevalent
among them include Weighted Fair Queueing (WFQ) [1], Deficit
Round Robin (DRR) [2] and Start Time Fair Queueing (STFQ) [35]
for fairness, Shortest Remaining Processing Time (SRPT) [3] for
minimizing flow completion time (FCT), FIFO+ for small packet
delay, to name but a few. In contrast, a non-work-conserving al-
gorithm sets the time for packet departure, which may pend the
packet and leave the link idle to shape the traffic [9, 36]. The repre-
sentative scheduling algorithms include Token Bucket (TB) [4] and
Stop-and-Go Queueing [37].

With the emergence of new application scenarios and the con-
tinuous upgrading of application requirements, new scheduling
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algorithms constantly turn up. MQFQ [5] presents a fair, work-
conserving scheduler suitable for multi-queue systems. HCSFQ [6]
is able to approximate hierarchical fair queueing, which naturally
captures the traffic in today’s data centers. Meanwhile, there are
still many scenarios calling for appropriate scheduling algorithms,
such as distributed computing. Take distributed machine learning
as an instance, training results of different computing nodes in
each round are transmitted and synchronized through the network.
The long-tailed node transmission time prolongs the round and
slows down model training. However, traditional packet scheduling
algorithms cannot schedule distributed machine learning traffic
well, and the customized scheduling algorithms are on the way.

2.2 PIFO Model and Block
Routers and switches have traditionally used specialized network
ASIC chips to forward network traffic at high speeds. However,
the functions of these ASICs are fixed after production and cannot
be modified. Supporting new scheduling algorithms requires the
design of a new ASIC, which can be time-consuming. In light of the
proliferation of scheduling algorithms, it is imperative to develop a
programmable scheduler. Several abstractions for scheduling have
been proposed since 2016, and PIFO is the most widely discussed.

The scheduling algorithm determines the relative order or trans-
mission time of packets when flows contend for a link. In the PIFO
model, each packet is tagged with a rank by the rank function,
which differentiates flows according to the QoS or QoE require-
ments. A smaller rank indicates a higher priority, and the packet
with the smallest rank wins the contention and goes first. WFQ em-
ploys virtual departure time as rank, SRPT employs the remaining
flow size as rank, and First Come First Serve (FCFS) employs arrival
time as rank. These packets are maintained in a PQ.

As packets of the same flow are transmitted in FIFO order, the
actual contenders are the head packets of flows, and there is no
need to maintain all the packets in the queue. This means that
the number of flows supported by the PQ equals the number of
elements supported. As shown in Figure 1, PIFO design builds the
rank store in SRAM to buffer the non-head packets of flows in order,
and utilizes the flip-flops to implement the PQ (the so-called flow
scheduler). Logical PIFOs andmetadata are not shown for simplicity.
We follow the architecture of PIFO and focus on improving the flow
scheduler implementation. Other components are not optimized
compared with the PIFO model [7].

2.3 Operations for Flow Scheduler
PQs provide the following operations to serve as a flow scheduler:

• push: As long as a flow is non-empty and no packet of the
flow is in the PQ, insert the head packet into the PQ according
to the rank.

• pop: When the link is idle, send the packet with the smallest
rank to the egress port and delete the packet from the PQ.

Figure 1 gives examples of the push cases and the pop case. We
use 𝑝 (𝑥,𝑦) to refer to a packet, where 𝑥 is the flow ID, and 𝑦 is the
rank. Packet 𝑝 (𝐴, 0) has the highest priority, and it belongs to flow
A. After the scheduler pops it out to the egress port, the new head
packet of flow A 𝑝 (𝐴, 2) will be pushed into the PQ and finds its
place between 𝑝 (𝐵, 1) and 𝑝 (𝐶, 3) according to the rank. Another
case of push is that a flow 𝐷 goes from empty to non-empty, then
the head packet 𝑝 (𝐷, 4) bypasses the rank store and enqueues the
PQ.

3 THE BALANCED MULTI-WAY SORTING
TREE

To obtain a large-scale and high-throughput PIFO queue, we pro-
pose a novel data structure called BMW-Tree, which is designed
specifically for efficient hardware implementation. In this section,
we first present the data structure and its operations as a priority
queue. Then the characteristics of BMW-Tree are highlighted. Fi-
nally, we compare BMW-Tree with similar data structures, such as
heaps and their variants.

3.1 Data Structure
Definition. A BMW-Tree of order 𝑀 is a tree that satisfies the
following properties:

• Each node of a BMW-Tree contains up to𝑀 elements.
• A non-leaf node has 𝑀 pointers to 𝑀 children (sub-trees).
The 𝑖−𝑡ℎ sub-tree is rooted at the 𝑖−𝑡ℎ element (1 ≤ 𝑖 ≤ 𝑀))
in the node. In other words, each element is the root of the
sub-tree below it.

• Values of the𝑀 elements in a node are not sorted.
• Heap property is satisfied. The value of the root element is
always smaller than or equal to any values below it on the
sub-tree.

Element. Each element represents a packet and contains three
fields as given below:

• Value: this field holds the priority of a packet.
• Counter: this field maintains the number of elements in the
sub-tree rooted at the current element, including the element
itself. The initial value is 0.

• Metadata: this field records the meta data of a packet.
BMW-Tree is maintained according to the values (priorities) only.

For convenience, values and elements are used alternately to
indicate a packet when there is no ambiguity.

We use 𝐿−𝑀 BMW-Tree to indicate an𝑀-order BMW-Tree with
𝐿 levels. The number of elements supported by a 𝐿 −𝑀 BMW-Tree
is 𝑀 (1−𝑀𝐿)

1−𝑀 . The root node of the BMW-Tree contains two meta-
information of the tree: the smallest element and the total number
of elements stored. The smallest element is the element with the
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Figure 2: Example of A 3-level 2-way BMW-Tree

minimum value in a BMW-Tree. As the heap property is satisfied, It
can be found in the root node. While the total number of elements
can be obtained by adding counters in the root node.

Figure 2 (a) displays a 3-2 BMW-Tree, which has 7 nodes with a
capacity of 14 elements. It is composed of 2 sub-trees, and they are
distinguished by different colors. Metadata is omitted for brevity. A
total of 8 elements are stored, with both sub-trees containing four
elements.

3.2 Algorithms
The following are the algorithms for priority queue operations.

Push 𝑋 : A new value 𝑋 must be inserted into the BMW-Tree
without breaking the properties of the tree. The procedure is as
follows.

(1) If the root node is not full, place the value 𝑋 in the leftmost
empty space of the root node, and the counter is increased
to 1. Otherwise, we select the least-loaded sub-tree to keep
the tree balanced, whose counter is the smallest. If there
are multiple such sub-trees, we select the leftmost to push.
Suppose that the 𝑖 − 𝑡ℎ sub-tree is chosen, and we add the
counter of its root element by 1.

(2) Compare 𝑋 with the root value 𝑌 of the 𝑖 − 𝑡ℎ sub-tree. If 𝑋
is smaller, kick 𝑌 out to the next-level node in the sub-tree,
and 𝑋 becomes the new root value. Otherwise, push 𝑋 to
the next-level node of the 𝑖 − 𝑡ℎ sub-tree.

(3) Repeat the push operation recursively on lower-level nodes
until the pushed value finds its place.

Pop: The principle of pop is to dequeue the smallest element on
a non-empty BMW-Tree.

(1) Values stored in the root node are compared and the smallest
element in the root is popped out. Assuming it is the 𝑖 − 𝑡ℎ

element (1 ≤ 𝑖 ≤ 𝑀)), its counter minus 1.
(2) Elements in the next level of the 𝑖−𝑡ℎ sub-tree are compared,

and the smallest one is lifted to fill the 𝑖 − 𝑡ℎ element of the
root node.

(3) The same procedure will be applied to lower-level nodes
recursively until the child is empty.

Figure 2 (a) shows the status of BMW-Tree after pushing the
values of 10, 17, 57, 21, 32, 43, 74 and 33 in sequence. Supposing
that there is a push 28 operation and then a pop operation on the
BMW-Tree.

Because the root node is full, a value has to be pushed into the
second level. The counters of the two sub-trees are (4,4), so the first
sub-tree is chosen according to the push algorithm, whose root
element is 10. 28 is larger than 10 and therefore pushed down to
the second level of the tree. The node in the second level is also
full, and the counters are (2,1), so its second sub-tree is chosen. 28
is smaller than 32, so it replaces 32, pushing 32 along the second
sub-tree. Finally, 32 finds an empty position in the third level, as
shown in Figure 2 (b). The corresponding counters increase by one.

Figure 2 (c) shows the pop operation. The BMW-Tree compares
elements in the root node and finds that 10 is the smallest. After 10
is popped, the smallest element in the sub-tree is 28, so 28 is lifted.
32 is lifted from the third level to the second level to fill the vacant
position. The corresponding counters decrease by one.

3.3 Characteristics of BMW-Tree
Here we summarize the characteristics of BMW-Tree and reveal
why it is suitable for implementing large-scale, high-throughput
PIFO models.

First of all, our sorting tree is modularized. All nodes are the
same, and each node is only connected to parent and child nodes.
Trees of various sizes can be elegantly constructed by duplicating
the node and connecting them as the tree structure. This design
simplifies the implementation and test.

Secondly, BMW-Tree is insertion-balanced, which indicates that
the insertion of each new packet moves the BMW-Tree towards the
optimum balance. Although successive pops on the same sub-tree
can locally unbalance the tree, it tends to be balanced with the
arrival of new packets. By inserting each new entry into the least-
loaded sub-tree, all elements of BMW-Tree can be filled if we want.
Thanks to the unsorted design, the insertion-balance is maintained
easily.

Thirdly, the simple push and pop operations in BMW-Tree make
it pipeline-friendly in hardware implementation. Data are unidi-
rectionally transferred between adjacent levels. Push operations
transfer data from top to bottom, and pop operations transfer data
in the opposite direction. The time complexity of both operations
is 𝑂 (𝑙𝑜𝑔𝑀𝑁 /𝑀) with 𝑁 the number of values. But the adjacent
level-only transmission enables the BMW-Tree to run in a pipeline
easily.

Last but not least, nodes in BMW-Tree are autonomous. Oper-
ations on each node of the tree are independent of the rest of the
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Table 1: Comparison with Heap Variants

DS
Property Balanced Pipeline-friendly Autonomous

BMW-Tree Insertion-Balanced ✓ ✓
pHeap × ✓ ×

Pipelined Heap Self-Balanced × ×

sub-tree. A node decides the recursion and the sub-tree to operate
on its own without comparing with other nodes. The sub-tree to
push is decided by the element counters, and the sub-tree to lift a
value is decided by the smallest element in the node.

In a nutshell, BMW-Tree is amodularized, insertion-balanced and
pipeline-friendly tree with autonomous nodes. With modularized
and autonomous nodes, the frequency of the hardware implemen-
tation of BMW-Tree is not affected by the number of levels within
the pipeline when hardware resources are affluent.

3.4 Comparison with Heap and Heap Variants
pHeap and Pipelined Heap are two scalable priority queues based
on the traditional heap structure [14, 15]. Although BMW-Tree
may resemble a D-ary Heap at first glance, it differs significantly
from traditional heaps and is more suitable for large-scale and
high-throughput PIFO queue implementation.

Table 1 shows the comparison of BMW-Tree with pHeap and
Pipelined Heap, and DS is short for data structure. In order to sup-
port the pipeline, pHeap modifies the push and pop operations, and
Pipelined Heapmodifies the push operation based on the traditional
min-heap. However, they still have room for improvement.

(1) pHeap is not balanced. It inserts data into the left subtree
first, which will cause the left subtree to be much deeper than the
right subtree.

(2) Pipelined Heap retains the pop operation of traditional min-
heap, which makes it complex to pipeline. The pop operation in a
heap will pop the root and place the right-most leaf at the root. Then
the shift-down operation will be performed until the heap property
has been re-established. During a pop, the value has to fly from
bottom to top and then cross from top to bottom. The pop operation
of Pipelined Heap requires each level to be connected to the root
node. Besides, the youngest-in-progress insert operation has to
be tracked when multiple operations are in progress in various
pipeline stages. The pipeline design is expensive [14].

(3) Nodes in pHeap and Pipelined Heap need to be comparedwith
other nodes to decide the branch. The pop operation in Pipelined
Heap compares a node with its two children. The pop operation
in pHeap compares a node’s two children. As for push operation,
pHeap has to look up the capacity of the left child first to decide
whether steer insertions left or right.

BMW-Tree exhibits nice properties. However, it is a challenge
to realize an accurate high-speed PIFO model with a scale of tens
of thousands. In Section 4, we present a register-based hardware
design. Evaluation in Section 6 shows that, when implemented atop
the same FPGA, the maximum capacity of register-based BMW-
Tree is about the same as the original PIFO implementation [7],
but the throughput is 4.8 times higher. To further increase the
scale, we propose an RPU-driven BMW-Tree in Section 5, where we
store elements in SRAMs and drive the BMW-Tree with Ranking
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data

min_data_port

min_sub_tree

o_pop o_pusho_pop_data o_push_data
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Figure 3: The Sketch of R-BMW Building Block

Processing Units. RPU-driven BMW-Tree has both large scale and
high throughput.

4 REGISTER-BASED BMW-TREE
To accelerate the scheduler and reduce the complexity of hardware
design, a register-based BMW-Tree (R-BMW) is proposed. All nodes
are implemented by registers, and the R-BMW is modularized and
pipelined. In this section, we introduce the R-BMW hardware de-
sign. We first abstract nodes as modular building blocks. Then the
pipelined BMW-Tree is shown, specifying the node behavior in
each cycle. Finally, the summary of R-BMW is given.

4.1 Modular Building Block
As mentioned in Section. 3.3, BMW-Tree is modularized. To build
the R-BMW, we only have to design the modular building blocks
and connect them. A node only connects the nodes of the adjacent
level(s) instead of connecting each level to the first level as Pipelined
Heap [14] does. Modularization also simplifies upgrades, which
allows us to optimize the entire tree by optimizing the building
block.

We analyze the interfaces required for push and pop in the BMW-
Tree structure, and find that the atomic operations of each node are
identical. The element entering the node comes from the packet
pushed from the higher level, or is lifted from the lower level node.
The element leaving the node is pushed to the lower level or popped
to the higher level. The building block is designed as Figure 3.

The pins of the building block are listed below. Pins of clk,
push_available,pop_available, and almost_full are not drawn in
Figure 3 for brevity. Unless otherwise stated, the width is 1 bit. The
’i’ prefix indicates input and ’o’ prefix indicates output.

• i_push/i_pop: the enable signal of push/pop received from
the parent or the external.

• i_push_data/i_pop_data: the element to insert which is from
the higher/lower level. The width is the length of priority
and metadata.

• clk: the clock signal.
• o_push/o_pop: the enable signal to the child for push/lifting
an element. The width is𝑀 bits.

• o_push_data: the element sent to the child. The width is the
length of priority and metadata.

• o_pop_data: the smallest element sent to the parent or the
external. The width is the length of priority and metadata.
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• almost_full: the signal indicates whether the entire tree is
about to be full. When the signal is set to 1, no new push
operation should be issued.

• push_available/pop_available: the signal is used to indicate
whether the current cycle can handle a new push/pop oper-
ation correctly.

A node consists of four components: pifo_data, min_sub_tree,
min_data_port and CALC. Elements are stored in pifo_data. During
a push operation, min_sub_tree calculates the port of the least-
loaded sub-tree and sends its root element to CALC, where the
root element is compared with i_push_data. The larger one will be
pushed to the next level. During the pop operation, min_data_port
determines the port of the smallest element, and transmits it to
CALC for output.

The CALC module is also responsible for the determination
of almost_full, which is easy because the total capacity of BMW-
Tree and the number of stored elements are readily available as
described in Section 3.1. The assignment of available signals is also
accomplished by the CALC module, and we will introduce it in
Section 4.2.2.

4.2 Pipelined R-BMW
Although the time complexity of BMW-Tree is𝑂 (𝑙𝑜𝑔𝑀𝑁 /𝑀), with
the pipeline, we can achieve O(1) amortized time operations in
hardware. Firstly we introduce the pipelined R-BMW, which drives
signal and data transmission in sequential logic to show the steps
of push and pop operations. Then we optimize its throughput by
sustained transfer.

4.2.1 Operations

The R-BMW is ready to handle a new operation when a node fin-
ishes the precedent operation. Nodes in the different levels perform
operations concurrently.

A node needs three cycles to finish a pop operation. In the first
cycle, the node pops its smallest element. Supposing the 𝑖 − 𝑡ℎ

element is the smallest, a pop signal is sent to the 𝑖 − 𝑡ℎ child. In
the second cycle, the 𝑖 − 𝑡ℎ child pops its smallest element to the
parent node. In the third cycle, the parent gets the element lifted
from the child. After a node finishes a pop operation, it can perform
another pop/push operation with correctness guaranteed. With the
pipeline, pop operations can be issued every three cycles.

For the push operation, the node in each level decides which
element should be recorded in the current node and passes the
other to the next level in a cycle. Then it finishes the push and is
ready for any new operation with correctness guaranteed. With
the pipeline, the issue rate of push operations is one per cycle.

Although the R-BMW is simple and elegant, its throughput needs
improving due to the three clock cycles required for each pop
operation. After popping the smallest element, the substitution
lifted from the child node arrives too late. If a new pop operation is
issued before the fourth cycle, R-BMW fails to handle it correctly
because of the wrong state of the node.
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4.2.2 Sustained Transfer

In order to improve the throughput of R-BMW,we employ sustained
transfer and turn the data transmission into combinatorial logic.
All nodes consistently report their smallest element to the parent
regardless of whether they receive the pop signal. In this way,
within the clock when a node receives the pop signal, it can obtain
the children’s smallest elements. The parent node calculates its
own smallest element, pops it, and selects the corresponding child’s
smallest element as a substitute. With correct data prepared, the
element in the parent node is accurate on the next rising edge of
the clock.

It is worth noting that although the node’s element is correct in
the second cycle after the pop signal reception, the child node is
still performing the pop operation. To ensure obtaining the right
elements from the next level, a new pop operation can only be
issued in the third cycle. As the completion of a push operation
does not depend on child nodes, a new push operation can be issued
following a pop.

In summary, R-BMW is capable of handling push-push and push-
pop (pop-push) sequences, but not two consecutive pop operations.
To maintain the correctness, the pop_available signal is set to 0
after receiving a pop signal, which indicates a pop immediately
after a pop is illegal. It turns into 1 after a push or null signal.
Push_available always keeps 1, as the node can correctly process a
new push operation every cycle. Figure 4 depicts the timing graph
of the optimized R-BMW with the push-pop sequence, and a node
can deal with a consecutive push and a pop operation every two
cycles with the pipeline.

For the implementation of sustained transfer, We make two
modifications to the building block shown in Figure 3 for R-BMW.
(1) A new pin o_pop_result is added as the external interface for the
BMW-Tree output. Its width is the length of priority plus metadata.
The sustained transfer leads to nodes continuously popping data to
a higher level. To avoid unnecessary pops of the root node through
o_pop_data, we employ o_pop_result to output for the root node.
When i_pop in the root node is set to 1, the element of o_pop_result
is equal to the element of o_pop_data and popped out of BMW-
Tree. o_pop_result only works in the root node of BMW-Tree, and
o_pop_data is used in the non-root node to transmit data to the
parent node in real time. (2) The width of i_pop_data is changed
into𝑀 times the length of o_pop_data.
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Figure 5: RPU-driven BMW-Tree

4.3 Takeaway
The R-BMW is totally modularized, and each node connects the
parent and children only, greatly reducing the hardware complexity.
With the pipeline, the R-BMW can correctly issue one push per
cycle and one pop every two cycles. All sequences of consecutive
operations are supported except for consecutive pop operations.
The most common push-pop successive sequence takes a node 2
cycles to finish a push and a pop. R-BMWhas a high clock frequency
independent of the number of levels with the pipeline in theory.
The performance of R-BMW will be evaluated in Section 6.

5 RPU-DRIVEN BMW-TREE
The register-based implementation of a BMW-Tree may take lots
of registers which greatly limits the capacity for elements. We
introduce the RPU-driven BMW-Tree (RPU-BMW) to save register
resources and improve scalability. Firstly, we will introduce the
Ranking Processing Unit (RPU) and give a description of the RPU-
driven architecture. Then a plain version is presented, revealing
the steps of push and pop operations. Afterwards we propose two
tricks, which enable RPU-BMW to handle a push operation in each
clock cycle and a pop operation every two clock cycles. Finally, we
summarize the RPU-BMW design.

5.1 Architecture of RPU-driven BMW-Tree
Since BMW-Tree is modular and each node is autonomous, we
design a Ranking Processing Unit to complete the computing tasks
of each node. To reduce register usage, we store nodes of each
level in an SRAM, and perform operations using an RPU. Nodes in
memory will be dynamically loaded into/off from RPU and time-
share the RPU, similar to how programs share a CPU.

During the pipeline process, there is only one active node in
each level at any time. In a bid to boost the system throughput, we
can set one RPU for each level of the BMW-Tree, and each RPU will
be shared by nodes on the same level. The modular architecture is
depicted in Figure 5. 𝑅𝑃𝑈𝑖 is shared by nodes in the 𝑖−𝑡ℎ SRAM. As
the root node is the sole node in the first level, it exclusively occupies
the first RPU. In the lower levels, only the nodes accessed by the
current push or pop operations are placed in the corresponding-
level RPUs. When 𝑅𝑃𝑈𝑖 completes the operation, the node will be
written back to 𝑆𝑅𝐴𝑀𝑖 . As long as the values in 𝑆𝑅𝐴𝑀𝑖 are correct,
𝑅𝑃𝑈𝑖 can run a new operation. Data from different levels interact
through the RPU array. Multiple RPUs run in a pipeline. Compared

my_addr

FSM

min_sub_tree

i_pushed_data
i_push
i_pop

i_pop_data

i_read_data

i_addr

write
read
o_pop

o_push_data

o_pop_data
child_addr
o_push

wdatai_pushed_latch

min_data_port

min_sub_tree

s_addr

Figure 6: The Sketch of RPU in RPU-BMW

with register-based implementation schemes, the RPU-driven BMW-
Tree combines 𝐿 RPUs with 𝐿 − 1 SRAMs. Considering that the
capacity of BMW-Tree grows exponentially with the number of
levels 𝐿, we only need a few RPUs to realize a large-scale BMW-Tree.

The modular ranking processing unit is shown in Figure 6. It
is similar to the building block in Figure 3 but has the following
structural features.

(1) The ranking processing unit only connects to its predecessor
and successor. Namely, 𝑅𝑃𝑈𝑖 just connects to 𝑅𝑃𝑈𝑖−1 and 𝑅𝑃𝑈𝑖+1
except the first and last level.

(2) The i_pushed_latch stores the pushed value temporarily and
waits for the data to be caught from SRAM.

(3) In order to interact with SRAM, 6 wires are added to the RPU:
write enable signal o_write, read enable signal o_read, write data
o_write_data, read data i_read_data, write address o_child_addr and
read address i_addr.

(4) Because the nodes of the same level share a piece of SRAM, it
is necessary to add the control logic s_addr for indexing the node
address in the SRAM. Suppose the node in 𝑅𝑃𝑈𝑖 is the 𝑗 − 𝑡ℎ node
in 𝑆𝑅𝐴𝑀𝑖 and it has to emit signals to 𝑅𝑃𝑈𝑖+1 for its 𝑘 − 𝑡ℎ child
node, the address in 𝑆𝑅𝐴𝑀𝑖+1 is ( 𝑗 − 1) ×𝑚 + 𝑘 .

(5) FSM serves a similar function as the CALC module in a R-
BMW node, and pins of clk, push_available/pop_available, and al-
most_full are omitted as well. FSM determines almost_full in the
sameway as a R-BMWnode. The assignment of push_available/pop_available
is introduced in Section 5.2.3.

5.2 Pipelined RPU-BMW
5.2.1 Operations

The design in sequential logic is introduced to reveal the details of
push and pop operations.

An RPU costs 3 cycles for a push operation. In cycle 1, the push
signal arrives at the 𝑖 − 𝑡ℎ level. The read signal is sent to the 𝑖 − 𝑡ℎ

SRAM for the 𝑗−𝑡ℎ node which is the least-loaded, and 𝑗 is assigned
by the (𝑖 − 1) − 𝑡ℎ level (𝑖 > 1). The input value is retained in the
𝑅𝑃𝑈𝑖 . On the rising edge of cycle 2, 𝑅𝑃𝑈𝑖 reads the values from the
SRAM, and compares the least loaded one with the reserved push
value. When the new value for the 𝑗 − 𝑡ℎ node is determined, the
push signal and the push value are sent to the next level. In the
third cycle, send the write signal and the 𝑗 − 𝑡ℎ node to the 𝑖 − 𝑡ℎ

SRAM.
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For the pop operation, an RPU costs 6 cycles. In cycle 1, the pop
signal arrives at the 𝑖 − 𝑡ℎ level. A read signal is sent to the 𝑖 − 𝑡ℎ

SRAM for the 𝑗 − 𝑡ℎ node. 𝑗 is assigned by the (𝑖 − 1) − 𝑡ℎ level
(𝑖 > 1). On the rising edge of cycle 2, the values of the 𝑗 − 𝑡ℎ node
are read into 𝑅𝑃𝑈𝑖 , and the minimum value is calculated. In cycle
3, supposing the popped value is from the 𝑘 − 𝑡ℎ element, the pop
signal is sent to the (𝑖 +1) − 𝑡ℎ level for the 𝑘 − 𝑡ℎ node. The 𝑅𝑃𝑈𝑖+1
sends read signal to the (𝑖 + 1) − 𝑡ℎ SRAM. On the rising edge of
cycle 4, the values of the 𝑘 − 𝑡ℎ node are read into 𝑅𝑃𝑈𝑖+1, and
the minimum value is calculated. In cycle 5, the minimum value
is lifted from 𝑅𝑃𝑈𝑖+1 to 𝑅𝑃𝑈𝑖 . On the rising edge of cycle 6, 𝑅𝑃𝑈𝑖

receives the value and fills the 𝑘 − 𝑡ℎ element of the 𝑗 − 𝑡ℎ node.
𝑅𝑃𝑈𝑖 sends the write signal to the 𝑖 − 𝑡ℎ SRAM.

Improving the data processing capability of RPU is a challenge.
To reduce the number of operation cycles, we propose two tricks:
change the sequential logic into combinatorial logic and hide oper-
ations using Simple Dual Port RAMs.

5.2.2 Combinatorial Logic

We turn all the logic of RPU into combinatorial logic. Thus, the
number of cycles is squeezed. For the push operation, on the rising
edge of the first cycle, 𝑅𝑃𝑈𝑖 still receives the push signal and tries
to read SRAM. On the rising edge of cycle 2, 𝑅𝑃𝑈𝑖 gets the node
from the SRAM, compares the least loaded element with the new
element, pushes the larger one to the next level, and writes the
correct node back to 𝑅𝑃𝑈𝑖 . Push operations can be issued every 2
cycles.

For the pop operation, the first cycle is the same as before. On the
rising edge of cycle 2, 𝑅𝑃𝑈𝑖 gets the node from SRAM, calculates
the minimum value, pops the value, and sends a pop signal to the
next level. On the rising edge of cycle 3, 𝑅𝑃𝑈𝑖 receives the lifted
value from the (𝑖 + 1) − 𝑡ℎ level and fills the value in its node. The
node is written back to the SRAM. Pop operations can be issued
every 3 cycles.

5.2.3 Operation Hidden

The SRAM used in our project is Simple Dual Port RAM with
separate read/write addresses and a single read/write clock. It has
such a property that if read and write operations are performed on
the same address simultaneously, the newly written data will be
returned. For instance, the original value of an element is 32 and
the new value is 28. Supposing writing 28 into SRAM (a finished
push) and reading the value from SRAM (a new push) occur in a
cycle. 28 will not be latched until the next rising of the clock, but
the read in the current cycle will get 28, which is correct for the
new push operation.

We accelerate the push and pop operations one step further
by exploiting the property. The property provides correctness for
issuing a read when the write is in process. Since we write to the
SRAM in the last cycle of each operation and read from the SRAM in
the first cycle of each operation, we can issue an operation one cycle
ahead. Namely, it is correct that we overlap any two consecutive
operations. Take two push operations as an example. If the read
and write share the same address, the second push issued at cycle
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2 will read the right value which the first push should write. As
a result, we can issue one push operation per cycle. For the same
reason, a new pop can be issued at the third cycle of the old pop,
which means our architecture supports one pop every two cycles.

Thanks to the Combinatorial Logic and Operation Hidden, a
push operation followed immediately by a pop can also be pro-
cessed correctly. However, pop-push and pop-pop sequences are
not supported. There must be an idle cycle after a pop. Upon receiv-
ing a pop signal, the RPU sets push_available and pop_available to 0,
and turns them into 1 after receiving a push or null signal. Figure 7
depicts the timing graph of RPU-BMW with push-pop consecutive
sequences and shows that three cycles are needed.

5.3 Takeaway
The RPU-BMW consists of modular RPUs and SRAMs. Compared
with R-BMW, RPU-BMW saves a great number of registers and
obtains large scale by introducing ranking processing units and
putting nodes in SRAM. With the pipeline, RPU-BMW can han-
dle a push per cycle and a pop every two cycles. An idle cycle is
required after a pop. The most common push-pop successive se-
quence takes an RPU 3 cycles to finish a push and a pop. RPU-BMW
has a high clock frequency independent of the number of levels
with the pipeline in theory. The performance of RPU-BMW will be
evaluated in Section 6.

6 IMPLEMENTATION AND EVALUATION
The prototype of Register-based pipelined BMW-Tree and RPU-
driven pipelined BMW-Tree is written in Verilog and implemented
on Xilinx Alveo U200 Data Center Accelerator Card with XCU200
FPGA, which has 1182k LUTs, 591k LUTRAMs and 2364K flip flops.
We also synthesized the open-source PIFO implementation
[7] to serve as a baseline, referred to as PIFO for convenience.
The value (priority) is set as 16 bits and the metadata 32 bits, which
are the same as in [7]. We test how many flows can be supported
in these schemes. The clock frequency and resource consumption
are obtained through the Vivado synthesis tool.

Adjusting the order (𝑀) and the number of levels (𝐿), a BMW-
Tree can be created as long as enough resources are available. The
number of elements supported by a BMW-Tree is 𝑀 (1−𝑀𝐿)

1−𝑀 . R-BMW

is composed of (1−𝑀𝐿)
1−𝑀 building blocks. RPU-BMW is composed of

𝐿 ranking processing units and 𝐿 − 1 SRAMs. For 𝑀 = 2, 4, 8, we
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Figure 8: Comparison of R-BMW and PIFO on FPGA
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Figure 9: Comparison of RPU-BMW among Different𝑀 on FPGA

measure the frequency and resource consumption from 3 levels to
the highest level supported by our FPGA.

We also synthesize the Verilog code of RPU-BMW in Global-
Foundries 28 nm process, and obtain the performance and area cost
through Design Compiler. Components such as pointers are not
included.

Finally, the packet level evaluation is given.

6.1 Cost and Performance of R-BMW
As mentioned in Section 2.2, the number of flows supported by
the priority queue equals the number of elements supported. Both
the LUT and FF resource consumption of R-BMW and PIFO are
linearly related to the number of elements. Limited by the LUT
resources, a 2-order R-BMW can be scaled up to 11 levels with a
capacity of 4094 flows.1 The 11-2 R-BMW can run as fast as 384
MHz, which reaches 192 Mpps. PIFO shares a similar scalability
with the 2-order R-BMW, which supports 4096 flows. However, its
maximum frequency is only 40 MHz and it can only process packets
at 40 Mpps. The throughput of R-BMW is 4.8 times that of PIFO.
The maximum capacity of 4-order R-BMW is 5460 flows, with a
frequency of 200 Mhz. The 8-order R-BMW supports 4680 flows at
188 Mhz. Their throughput is 2.5 times and 2.35 times that of PIFO,
respectively.

1Theoretically, resources on the FPGA board are enough to support a 12-2 R-BMW.
However, it takes too long to implement it due to routing congestion.

R-BMW beating PIFO in throughput can be explained from two
aspects. For one thing, the pushed value must be input to all of the
PIFO blocks, which causes a bus loading problem and adds to the
hardware cost. For another thing, PIFO finishes an operation in one
cycle, while R-BMW breaks down operations into multiple cycles,
greatly reducing the critical path length. With the pipeline, R-BMW
can still maintain a high throughput.

Figure 8 presents the maximum frequency and resource con-
sumption of R-BMW and PIFO with different capacities. We have
the following observations.

In Figure 8 (a), the maximum frequency of a 2-order R-BMW
keeps the same when the number of elements is smaller than 1022
(𝐿 ≤ 9). As mentioned before, when the resources on the FPGA
board are abundant, the maximum clock frequency is independent
of the number of levels. Instead, it is related to the complexity of
the node. Therefore, with a similar number of elements, the smaller
𝑀 is, the simpler the node, and the larger the maximum clock
frequency.

Figure 8 (b) and (c) show that LUTs and FFs cost per element
are constant. The more complex the building block is, the more
LUTs are consumed per element. PIFO consumes the most LUTs.
The FF resource consumption per element of 2-order R-BMW is
slightly larger than that of 𝑀 = 4 and 𝑀 = 8. The root cause lies
in that, each node will consume a part of FF for caching data in
addition to the elements. The additional FF consumption of each
node is averaged over𝑀 elements, and 2-order R-BMW suffers a
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Table 2: Performance and Resources of RPU-BMW on FPGA

M L Cap Fmax LUT(%) LUTRAM(%) FF(%)
2 15 65534 82.64 11.43 20.13 0.14
4 8 87380 93.45 15.03 26.81 0.13
8 5 37448 125 7.36 11.52 0.15

disadvantage with a small𝑀 . Compared with PIFO, R-BMW needs
to store counters additionally, so the FF resource consumption per
element is relatively more.

6.2 Cost and Performance of RPU-BMW
Table 2 lists the largest scale of RPU-BMW on the FPGA board. It
has such a remarkable scale that an 8-4 RPU-BMW can support 87k
elements with 26.81% LUTRAM consumed at a maximum frequency
of 93.45 MHz. A 15-2 and 5-8 RPU-BMW support 65k and 37k
flows, respectively. Considering that the most common push-pop
successive sequence takes an RPU 3 cycles to finish a push and a
pop, all of these configurations reach 100 Gbps with an average
packet size of 512 bytes.

Figure 9 shows the performance and cost comparisons among
different orders of RPU-BMW on FPGA. As the placement and
routing get harder with the increasing number of elements, the
maximum frequency decreases linearly with the number of levels.
In order to show the relationship between RPU-BMW’s capacity
and frequency more intuitively, we set the x-axis of Figure 9 (a)
as the number of elements. LUTs are consumed by both the RPUs
and SRAMs. The consumption is proportional to the number of
elements, regardless of the order and level, as shown in Figure 9
(b). This is because LUTs used for SRAMs are related to elements,
and they account for the majority. The consumption of LUTRAM
is caused by SRAMs and has a similar trend to LUTs. Due to space
limits, we do not present it. Figure 9 (c) gives the percentage of FF
consumed. FF is mainly consumed by ranking processing units, so
its consumption grows approximately linearly with the number of
levels.

We do not compare RPU-BMW with PIFO in Figure 9, as the
resource consumption of PIFO is much larger than that of RPU-
BMW. With a similar capacity, the frequency of RPU-BMW can be
2.5x-5x that of PIFO.

Table 3 presents a comparison of R-BMW and RPU-BMW on
FPGA with the same capacities, which correspond to the largest
scale for R-BMW. RPU-BMW costs much fewer resources than R-
BMW. The maximum frequencies are also larger when𝑀 = 4 and
𝑀 = 8 due to the affluent resources.

For R-BMW, we recommend deploying a 2-order BMW-Tree,
which can achieve high throughput and is similar in scale to 4-
order and 8-order BMW-Tree.While for RPU-BMW,We recommend
choosing the 4-order implementation for its highest throughput
and excellent scalability. The number of levels should depend on
the resource budget and the application demand.

6.3 28nm-ASIC Implementation
The Verilog code of RPU-BMW is also synthesized in the Global-
Foundries 28 nm process (GF28) process. In production, external

SRAMs can be used to expand the capacity, and we employ them to
store nodes for simulation. To avoid increasing the complexity of
chip pins, external SRAMs are only used for 𝑆𝑅𝐴𝑀𝐿−1 and 𝑆𝑅𝐴𝑀𝐿 ,
while 𝑆𝑅𝐴𝑀2 ∼ 𝑆𝑅𝐴𝑀𝐿−2 are placed on the chip. Scattered LUT
resources can be used to form several SRAMs of different sizes, and
the different sizes in each level will not cause problems. SRAMs
can be as fast as 800 MHz, which means they will not become the
frequency bottleneck. We also synthesize PIFO in the GF28 process.
The performance and area consumption of RPU-BMW and PIFO
are shown in Table 4. The chip area measurement does not include
other components except the flow scheduler. The total area of the
chip is 200𝑚𝑚2, which is the same setting as in PIFO.

Since the 600 MHz RPU-BMW can reach a scheduling rate of
200 Mpps, which corresponds to over 800 Gbps with an average
packet size of 512 bytes, we do not test higher frequencies as the
throughput is high enough. It is worth noting that the maximum
frequency of RPU-BMW in FPGA is significantly higher than that of
PIFO with a similar capacity. Hence it must have a larger frequency
than PIFO in the same ASIC technology.

8-4 RPU-BMW supports 87k flows with 1.043 mm2 chip area
and 0.57 MB off-chip memory. Power consumption is reported to
be 5.79 mW, which is low since there is only one active path per
operation and the active paths are short. 5-8 RPU-BMW supporting
37k flows has an even smaller area than a 1k PIFO (0.127 mm2

VS. 0.404 mm2), with power consumption 3.10 mW. To our best
knowledge, RPU-BMW is the first accurate PIFO implementation
that supports more than 80k flows at as fast as 200 Mpps.

6.4 Packet Level Evaluation
We implement RPU-BMW and PIFO in the packet-based simulator,
NS3 [38], to evaluate BMW-Tree’s performance improvement over
PIFO due to the large scale. A star topology is built, with 128 source
hosts sending TCP traffic to a single destination host. All the links
have a bandwidth of 10 Gbps and a propagation delay of 3 ms. To
evaluate the packet schedulers on the bottleneck link, we implement
the RPU-BMW and the PIFO on the output link of the switch node.

To emulate real-world traffic, we generate TCP flows according
to an empirical flow-size distribution collected in a data center that
supports web-search service [39]. Each of the flows initiates on a
random source host, and the start time of each TCP flow follows
the Poisson distribution. For the congestion control of TCP flows,
all the source hosts apply TCP New Reno.

We apply STFQ [35] on RPU-BMW and PIFO to provide fair
bandwidth allocation on the bottleneck link among all the TCP
flows. For simplicity, all the TCP flows share the same weight in
STFQ. The capacity of RPU-BMW and PIFO is set to 4094 and 512,
respectively.

PIFO has a 0.5% ∼ 4% packet loss rate in flow size intervals,
leading to large average normalized FCT. As Figure 10 shows, RPU-
BMW reduces the normalized FCT by 6%∼20% for medium and
large flows. However, for small flows, the average normalized FCT
increases slightly. This is because small flows usually complete the
transmission within several RTTs, but the queuing delay becomes
longer due to the larger buffer.
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Table 3: Comparison of R-BMW and RPU-BMW on FPGA

Parameter R-BMW RPU-BMW
M L Capacity Fmax LUT(%) LUTRAM% FF(%) Fmax LUT(%) LUTRAM% FF(%)
2 11 4094 384.61 25.51 / 12.29 204.08 1.23 1.31 0.09
4 6 5460 200 46.222 / 14.2 277.77 1.44 1.73 0.1

8 4680 188.67 66.79 / 11.69 212.76 1.77 1.49 0.12

Table 4: Comparison of RPU-BMW and PIFO on 28 nm ASIC

M L Capacity Meets Timing
at 600 MHz

Chip Area
/ mm2 (%)

Off-chip
Mem (MB)

4 8 87380 Yes 1.043 (0.522%) 0.57
8 5 37448 Yes 0.127 (0.064%) 0.25
PIFO 1024 Yes 0.404 (0.202%) -

Figure 10: Average Normalized FCT

7 RELATED WORK
7.1 Packet Scheduling Model
Apart from PIFO, several abstractions are also proposed. UPS [40]
claims that by appropriately initializing slacks, many different
scheduling objectives can be emulated using Least Slack Time First.
A packet with smaller slack should be delivered earlier. In essence,
it is also a priority queue. In Eiffel [27], a generalization of the
PIFO primitive in software schedulers is proposed, which can rank
packets on both enqueue and dequeue. Plus, a flow also has the
rank attribute and can be scheduled by the flow rank, which is
tailored for algorithms like pFabric. Vishal Shrivastav [8] proposes
Push-In-Extract-Out (PIEO) primitive and gives a hardware design.
It allows dequeue anywhere, and the abstraction is extended to the
smallest eligible packet first. We continue to focus on the PIFO and
the priority queue solutions.

7.2 Hardware Solutions
Typical recent PIFO-based programmable scheduler designs are
classified as shown in Figure 11. Some works [14, 15, 20] are not
designed to be programmable schedulers, but the priority queues
they provide can be used to implement PIFO queues.

The accurate implementation of the programmable scheduler
means that packets are dequeued according to increasing rank,
without out-of-order. Sivaraman et al. propose the original PIFO
design [7] based on the shift register, whose scale is greatly limited

Programmable 
Scheduler with
PIFO Model

Accurate
Implementation

Approximate 
Implementation

Shift-Register-
Based 

Systolic-Array-
Based 

Heap-Based 

FIFO-Based 

Calendar-
Queue-Based 

Order-
Approximate 

Drop-
Approximate 

SP-PIFO [21]

AIFO [22]

AFQ [23]

PCQ [25]

Gearbox [26] 

pHeap [15]

pipelined Heap 
[14]

SIMD PQ [20]

Original PIFO 
[7]

Figure 11: Classification of Programmable Schedulers

by the bus loading problem and linearly growing comparator’s
complexity. SIMD PQ [20] has been devised, which shares a similar
logic with systolic-array-based PQ. It can support links of 100 Gbps
with 64-byte-sized packets and 3k flows, which is still not scalable
enough for a programmable scheduler. Pipelined Heap [14] employs
the conventional binary heap, and pHeap [15] devises a new tree
satisfying the heap property. Both of them utilize SRAM to store
nodes and have a large scale. However, pHeap suffers from wasted
idle cycles and Pipelined Heap features expensive hardware designs.

It is hard to implement an accurate, large-scale and high-speed
programmable scheduler. Some works propose approximate imple-
mentations that allow the dequeued packets to be inconsistent with
those in a priority queue. Recently some proposals [23, 25, 26] use
the calendar queue to approximate a PQ, which dequeue elements
of the first non-empty bucket. AFQ [23] and Gearbox [26] only sup-
port fair queueing algorithms. PCQ [25] uses a recirculation scheme
to conquer the larger priority ranges, which leads to throughput
reduction on high-speed switches. FIFO queues are also utilized
to approximate a PIFO. SP-PIFO [21] employs multiple FIFOs and
AIFO [22] employs one FIFO. They set a bound for a queue and
control the admission of packets, introducing the extra computa-
tion cost. All of AFQ, PCQ, Gearbox and SP-PIFO approximate a
PIFO queue in dequeue order. AIFO approximates a PIFO queue in
dropped packets.

8 CONCLUSION
In this paper, we propose a new data structure called BMW-Tree for
accurate, large-scale and high-throughput PIFO implementation.
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The BMW-Tree is modularized, insertion-balanced and pipeline-
friendly with autonomous nodes. Based on the tree, we build two
pipelined hardware designs named R-BMW and RPU-BMW. R-
BMW achieves high throughput while maintaining a relatively
small scale, whereas RPU-BMW features both large scale and high
throughput. BMW-Tree is likely to be an attractive option for the
programmable scheduler in the next-generation traffic managers.
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