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Abstract
In many-core processor systems, Networks-on-Chip (NoC) are commonly em-
ployed to provide high-bandwidth, low-latency, and highly reliable on-chip com-
munication. To reduce network congestion and improve network performance,
load-balanced routing algorithms have garnered extensive attention from re-
searchers. Load-balanced algorithms typically utilize fully adaptive routing
algorithms to provide path diversity; however, current fully adaptive routing
algorithms either require a large number of virtual channels or assume a con-
servative flow control strategy. On the one hand, virtual channels are relatively
expensive resources; on the other hand, conservative flow control strategies may
lead to degradation in network performance. Therefore, researchers have pro-
posed leveraging application traffic information to enhance routing performance.
These algorithms can be reconfigured based on different traffic characteristics
without using virtual channels, thereby achieving on-demand allocation of rout-
ing adaptivity. According to the type of traffic information utilized, traffic-aware
reconfigurable routing algorithms can be classified into offline and online algo-
rithms. Offline algorithms require prior knowledge of application traffic char-
acteristics, and thus they are mostly targeted at application-specific multi-core
Systems-on-Chip. Online algorithms, on the other hand, perform reconfigura-
tion based on traffic information collected online, and therefore can be applied
to general-purpose processor systems. This paper will discuss two notable of-
fline algorithms recently proposed internationally, and will focus on introducing
the online reconfigurable routing algorithm based on the Abacus Turn Model,
which was published by the authors at the 2011 International Symposium on
Computer Architecture (ISCA’11).
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Traffic-Aware Reconfigurable Routing Algorithms

Binzhang Fu, Yinhe Han, Huawei Li, Xiaowei Li

Abstract: In many-core processor systems, Networks-on-Chip (NoC) are
commonly employed to provide high-bandwidth, low-latency, and reliable on-
chip communication. To reduce network congestion and improve performance,
traffic-balancing routing algorithms have attracted widespread attention from
researchers. These algorithms typically leverage fully adaptive routing to
provide path diversity, yet existing fully adaptive routing algorithms either
require numerous virtual channels or assume a conservative flow control
strategy. On one hand, virtual channels are relatively expensive resources;
on the other hand, conservative flow control strategies may degrade network
performance. Consequently, researchers have proposed utilizing application
traffic information to enhance routing performance. These algorithms can be
reconfigured for different traffic characteristics without using virtual channels,
thereby enabling on-demand allocation of routing adaptivity. Based on the type
of traffic information used, traffic-aware reconfigurable routing algorithms can
be classified as offline and online algorithms. Offline algorithms require prior
knowledge of program traffic characteristics and are thus primarily targeted at
application-specific multi-core SoCs. Online algorithms, by contrast, reconfig-
ure themselves based on traffic information collected at runtime, making them
suitable for general-purpose processor systems.

This paper discusses two recently proposed prominent offline algorithms and
focuses on introducing an online reconfigurable routing algorithm based on the
abacus turn model, which was published by the authors at the 2011 International
Symposium on Computer Architecture (ISCA’11).

Keywords: Network-on-Chip, routing algorithm, routing reconfiguration, traf-
fic balancing

1 Introduction
Due to constraints such as the memory wall, ILP wall, and power wall, tra-
ditional approaches relying on single-processor performance improvements no
longer yield satisfactory results. Multi-core and many-core processors that en-
hance application performance through parallelization are now considered viable
solutions [1]. In many-core processor systems, Networks-on-Chip (NoC) are
widely expected to become the mainstream interconnect solution due to their
excellent performance [2]. Since NoC provides communication between proces-
sors or between processors and caches, its performance significantly impacts
overall system performance. Generally, NoC performance depends primarily on
network topology, flow control strategy, and routing algorithm.

Network topology determines the shortest distance between any two nodes and
the network’s bisection bandwidth, thereby defining its peak performance.
Topology design requires comprehensive consideration of various factors, includ-
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ing port count, bandwidth per port, wiring density allowed by the fabrication
process, and signal rates. Common network topologies include crossbar ma-
trices, Clos networks, butterfly networks, and Tori networks (including mesh,
torus, and hypercube) [3]. Among these, the two-dimensional mesh topology’
s planar structure facilitates manufacturing and has been widely adopted in
NoC systems [4][5][6]. This paper focuses primarily on two-dimensional mesh
networks.

Flow control mechanisms allocate network resources such as channel bandwidth,
buffer space, and state information to data packets. Effective flow control should
accurately and efficiently allocate resources to the packets that need them most.
Common flow control mechanisms in packet-switched networks include store-
and-forward, virtual cut-through, wormhole, and virtual channel mechanisms.
Wormhole switching is widely adopted in NoC systems because it effectively
reduces buffer requirements and packet latency. Wormhole mechanisms divide
packets into multiple flow control digits (flits), comprising a head flit, several
body flits, and a tail flit. The head flit establishes the path, subsequent flits
follow the same route, and the tail flit releases the path. The discussions in this
paper are based on NoC systems employing wormhole switching.

Routing algorithms determine the transmission path of packets through the net-
work. Effective routing algorithms should specify paths that enable packets to
reach their destination nodes as quickly as possible [3]. Based on transmission
distance, routing algorithms can be classified as minimal-path or non-minimal-
path algorithms. Minimal-path routing requires each hop to select a direction
that brings the packet closer to its destination. This approach offers simple, reg-
ular rules and prevents livelock in the network. Non-minimal-path algorithms,
while more complex, can enhance network tolerance to congestion and faults.
For clarity, this paper focuses primarily on minimal-path routing algorithms.

Based on whether network state is considered during routing, algorithms can
be classified as oblivious or adaptive. Oblivious routing ignores network state,
resulting in relatively simple implementations but lower tolerance to network
congestion, router failures, and link failures. Adaptive routing algorithms can
dynamically select paths based on current network conditions, thereby avoiding
congestion.

According to the number of usable paths, adaptive routing algorithms can be
categorized as partially adaptive or fully adaptive. Fully adaptive routing allows
packets to use any path between source and destination nodes, whereas partially
adaptive routing permits only a subset of paths.

Since sufficient path diversity is needed to alleviate congestion, most traffic-
balancing routing algorithms currently utilize a fully adaptive routing algorithm
to provide candidate output ports [7][8][9][10][11][12]. However, existing fully
adaptive routing algorithms either require numerous virtual channels [13][14] or
assume very conservative flow control strategies [15][16][17].

Because virtual channels are relatively expensive to implement in NoC systems,
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routing algorithms requiring large numbers of virtual channels, such as those in
[13][14], are not suitable for NoC. Routing algorithms based on Duato’s theory
require fewer virtual channels but demand conservative flow control strategies.
According to Duato’s theory, router buffer queues are not allowed to store flits
belonging to different packets simultaneously [15]. A buffer queue can only be
reallocated after the tail flit of the previous packet has departed. This constraint
ensures that when a packet experiences congestion, its head flit must be at the
front of the buffer queue, enabling it to select an escape channel. However,
this leads to wasted buffer space. For networks transmitting short packets, this
constraint degrades network performance [18].

Compared with fully adaptive routing algorithms, partially adaptive routing
algorithms without virtual channels incur lower implementation overhead and
can employ more advanced flow control strategies. Examples include the turn
model proposed by Glass and Ni [19] and the odd-even turn model proposed
by Chiu [20]. The turn model can design partially adaptive routing algorithms
without virtual channels by dividing all possible turns in the network into two
abstract cycles: clockwise and counterclockwise. By prohibiting one turn in each
abstract cycle, deadlock can be prevented. However, Chiu discovered that the
adaptivity provided by turn model-based routing algorithms is non-uniform. To
address this issue, he proposed the odd-even turn model. Nevertheless, the odd-
even turn model cannot provide full adaptivity for any node pair with distance
greater than two.

Non-uniform or insufficient routing adaptivity may cause network congestion un-
der bursty traffic conditions. To solve this problem, researchers have proposed
using reconfigurable routing algorithms to provide on-demand routing adaptiv-
ity for applications. Overall, reconfigurable routing algorithms are partially
adaptive, thus requiring neither virtual channels nor conservative flow control
strategies. These algorithms can analyze application traffic characteristics to
provide greater path diversity for packets traveling in high-load directions.

Based on how traffic information is obtained, reconfigurable routing algorithms
can be divided into offline and online algorithms. Offline reconfigurable rout-
ing algorithms assume that application traffic information can be obtained in
advance and determine routing strategies through traffic analysis. Representa-
tive offline reconfigurable routing algorithms include application-specific routing
algorithms published in IEEE TPDS Issue 3, 2009 [21] and application-aware
oblivious routing algorithms presented at ISCA’09 [22].

Compared with offline algorithms, online reconfigurable routing algorithms can
reconfigure themselves based on traffic information collected online, making
them applicable to general-purpose processor systems. This paper introduces a
reconfigurable routing algorithm based on the abacus turn model, published by
the State Key Laboratory of Computer Architecture at ISCA’11 [23].
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2 Offline Reconfigurable Routing Algorithms
The core challenge in designing offline reconfigurable routing algorithms is how
to maximize network performance improvement while ensuring deadlock-free
routing. Most offline algorithms follow this basic approach: first construct a
channel dependency graph, then ensure deadlock-free routing by removing all
cycles from the graph, and finally improve network performance by balancing
traffic across channels. The two offline algorithms discussed in this paper both
follow this fundamental approach but with different emphases.

2.1 Application-Specific Routing Algorithms [21]

Application-Specific Routing Algorithms (APSRA) exploit the characteristics
that certain nodes may not communicate or certain node pairs may not commu-
nicate simultaneously to improve routing performance. APSRA first abstracts
an application into a task graph and maps tasks to different processor nodes. It
then transforms the task graph into a channel dependency graph by referencing
the network topology. Finally, it analyzes the channel dependency graph and
ensures deadlock-free routing by guaranteeing the graph is acyclic. Addition-
ally, during cycle removal, it enhances routing performance by balancing traffic
across channels.

We use an example from [21] to illustrate its basic working principle; detailed
algorithms and implementation specifics can be found in [21]. As shown in
Figure 1(a), the communication graph indicates that the application contains
six tasks. Communications between tasks are represented by arrows, where
double arrows indicate bidirectional communication and single arrows indicate
unidirectional communication. Figure 1(b) shows the network topology, where
circles represent processors and arrows represent channels connecting processors.
In this example, we assume task Ti is mapped to processor Pi, i.e., M(Ti)=Pi,
i=1, 2, ⋯, 6, where M is the mapping function.

To generate the channel dependency graph, we first assume the routing algo-
rithm is fully adaptive minimal-path routing. The resulting channel dependency
graph is shown in Figure 1(c). Since this channel dependency graph contains
six dependency cycles, according to Dally’s theory [14], the network cannot
use fully adaptive routing. However, not all tasks actually communicate, so
the application channel dependency graph after removing non-existent channel
dependencies is shown in Figure 1(d). For example, dependency l12→l23 ex-
ists in the channel dependency graph (Figure 1(c)) but not in the application
channel dependency graph (Figure 1(d)). By analyzing the topology, we find
that only communications T1→T3, T1→T6, and T4→T3 could introduce de-
pendency l12→l23, but according to the communication graph, none of these
communications exist. Therefore, dependency l12→l23 will never actually occur
and can be removed from the application channel dependency graph.

The final application channel dependency graph contains two cycles, so accord-
ing to Dally’s theory, fully adaptive routing still cannot be used. To remove
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cycles, dependencies l41→l21 and l14→l45 are prohibited. While this prevents
deadlock, routing adaptivity is compromised. If the timing of inter-task com-
munications is known in advance—for example, if communications T1→T5 and
T2→T4 do not overlap in time—then although cycles exist in the application
channel dependency graph, they will never form in the actual network. There-
fore, we need not remove these cycles, and the resulting routing algorithm can
remain fully adaptive.

2.2 Application-Aware Oblivious Routing Algorithms [22]

Unlike application-specific routing algorithms, [22] argues that adaptive routing
algorithms increase implementation complexity and therefore oblivious routing
should be used instead. To address characteristics of different applications, [22]
proposes an application-aware oblivious routing generation flow consisting of
five main steps:

1. Select a turn model routing algorithm
2. Build a flow graph
3. Select paths for each communication flow
4. Check if all flows are assigned paths and if network status meets optimiza-

tion goals
5. Select the best path set

Step 1: Using a turn model routing algorithm to construct the channel de-
pendency graph ensures it is cycle-free, thereby guaranteeing the generated
oblivious routing algorithm is deadlock-free. In fact, searching for and remov-
ing all cycles in a directed graph is complex work, so [22] proposes using the
turn model [19] to construct acyclic channel dependency graphs. For example,
assuming the “north-last”routing algorithm [19] is used, the resulting channel
dependency graph is guaranteed to be cycle-free. Readers can refer to [14] for
methods to construct channel dependency graphs. For the 3×3 mesh network
shown in Figure 2(a), its channel dependency graph corresponding to the north-
last routing algorithm is shown in Figure 2(b). When routing a packet from
node E to node G using north-last routing, the packet can travel along path
E→D→G, so channel ED depends on channel DG, represented by an edge from
ED to DG in Figure 2(b). Clearly, no cycles exist in Figure 2(b).

Step 2: Build a flow graph by inserting “dummy nodes”into the acyclic chan-
nel dependency graph from Step 1. Dummy nodes are actually routers in the
network. For example, if the application has a communication flow from node
H to node D, nodes H and D are inserted as dummy nodes into the graph. The
source node H (labeled S1) is connected to all its output channels, and the des-
tination node D (labeled D1) is connected to all its input channels. As shown in
Figure 2(c), edges connected to dummy nodes are represented by dashed lines.
Figure 2(c) only adds one communication flow H→D; the final flow graph should
contain all communication flows present in the application.

Step 3: Select a path for each communication flow in the constructed flow graph.

chinarxiv.org/items/chinaxiv-201703.00215 Machine Translation

https://chinarxiv.org/items/chinaxiv-201703.00215


Path allocation should satisfy certain constraints, such as minimizing maximum
channel load. For small-scale networks, [22] abstracts the path selection problem
as a mixed integer linear programming problem; for large-scale networks, it
proposes a greedy algorithm that first sorts communication flows in descending
order of bandwidth demand, then selects paths for each flow in sequence using
a weighted Dijkstra shortest-path algorithm.

Step 4: Check whether all communication flows have been assigned paths and
whether the network status meets optimization objectives. If satisfied, return
to Step 1 to construct a new acyclic channel dependency graph using a different
turn model routing algorithm and select paths for each communication flow.

Step 5: Compare the communication flow paths generated for different turn
model routing algorithms and select an optimal path set according to predefined
criteria.

The selected path set is then written into the chip via routing tables, allowing
the application to route communication flows along optimized paths. [22] also
discusses optimization methods for networks with multiple virtual channels. For
example, different turn model routing algorithms can be used in different virtual
channels to construct different flow graphs, thereby partitioning communication
flows into different virtual networks to better balance network traffic. Detailed
content can be found in [22].

3 Online Reconfigurable Routing Algorithms
This section discusses the abacus turn model and corresponding reconfigurable
routing algorithm proposed in [23].

3.1 Basic Idea of the Abacus Turn Model

The original turn model has proven that if all allowed turns in a network do
not form abstract cycles, the network is deadlock-free [19]. [20] further proved
that if neither the rightmost clockwise nor rightmost counterclockwise cycles
exist in the network, the network is deadlock-free. As shown in Figure 3(a), the
rightmost clockwise cycle consists of two turns (east-to-south (ES) and south-to-
west (SW)) and several north-to-south (NS) channels. To eliminate all rightmost
cycles, [20] requires all nodes in odd columns to prohibit the south-to-west turn
(Figure 3(b)) and all nodes in even columns to prohibit the east-to-south turn
(Figure 3(c)). The principle for prohibiting counterclockwise rightmost cycles is
similar and is omitted here.

[23] inherits the core idea from [20] that “if a network has no clockwise or
counterclockwise rightmost cycles, it is deadlock-free.”Unlike the original turn
model, [23] employs a more flexible method to remove rightmost cycles. As
shown in Figure 3(a), to form a rightmost clockwise cycle, an east-to-south turn
must exist above a south-to-west turn. Therefore, rightmost clockwise cycles can
be eliminated by prohibiting east-to-south turns above all south-to-west turns
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(Figure 3(d)). After adopting this approach, each column in the network must
contain a point above which all east-to-south turns are prohibited and below
which all south-to-west turns are prohibited. [23] refers to this type of node as
a clockwise bead node. Similarly, each column also has a counterclockwise bead
node to separate counterclockwise turns, thereby preventing counterclockwise
rightmost cycles.

3.2 The Abacus Turn Model

As shown in Figures 4(a) and 4(b), a 4×4 mesh network is analogized to an aba-
cus, with each column assumed to have a rod and two sliding beads: a clockwise
bead and a counterclockwise bead. The rectangular blocks with dashed edges
represent possible bead node positions, solid ellipses represent clockwise beads,
hollow ellipses represent counterclockwise beads, and dashed arrows represent
prohibited turns. For clarity, allowed turns are not shown. The clockwise and
counterclockwise beads can be controlled independently and are used to deter-
mine the distribution of clockwise and counterclockwise turns in each column.

The abacus turn model can be defined by three rules: 1. Each column has ex-
actly one clockwise bead node and one counterclockwise bead node 2. Clockwise
(respectively, counterclockwise) bead nodes do not prohibit clockwise (respec-
tively, counterclockwise) turns 3. The distribution of prohibited turns follows
the pattern described below

Figures 4(c) and 4(d) show the distribution of prohibited turns following the aba-
cus turn model. According to this model, the holder of a clockwise (respectively,
counterclockwise) bead node can allow all clockwise (respectively, counterclock-
wise) turns. All routers above a clockwise (respectively, counterclockwise) bead
node allow all clockwise turns except east-to-south (respectively, all counter-
clockwise turns except north-to-west), while routers below allow all clockwise
turns except south-to-west (respectively, all counterclockwise turns except east-
to-north). Turns distributed according to these rules will not form clockwise or
counterclockwise rightmost cycles. Therefore, designing a deadlock-free routing
algorithm under the abacus turn model simplifies to determining the positions
of clockwise and counterclockwise bead nodes in each network column. Once
positions are determined, new routing rules are formed.

For a k×k mesh network, each column contains two bead nodes. Since each
bead node can be in k possible positions, there are k×k configurations in one
column. For the entire network with k columns, there are (k×k)^k possible
configurations. Each bead node configuration represents a routing configuration,
so routing algorithm reconfiguration becomes a matter of moving beads within
each column.

The following example illustrates how the reconfigurable routing algorithm
based on the abacus turn model works. As shown in Figure 5(a), the clockwise
bead is initially placed in the bottom row of the network. Therefore, according
to the abacus turn model, all nodes above the bead node prohibit east-to-south

chinarxiv.org/items/chinaxiv-201703.00215 Machine Translation

https://chinarxiv.org/items/chinaxiv-201703.00215


turns. Suppose a hotspot node 5 is detected, and node 6 needs to send packets
to it for a relatively long duration. Since only one minimal path is available for
this node pair, that path can easily become congested. To obtain more usable
paths for traffic balancing, node 6 complains to its east neighbor node 7 about
the current situation—specifically, that node 7 is prohibiting the east-to-south
turn that node 6 needs. Node 7 collects complaints from its neighbors and
negotiates with the bead owner node 1. The bead owner evaluates requests from
different nodes and ultimately decides whether to relinquish bead ownership
and to whom the bead should be passed. In this example, node 1 will pass the
bead to node 7.

As shown in Figure 5(b), after node 7 obtains the clockwise bead, it can allow
east-to-south turns. Node 6 then has two paths to node 5 for balancing traffic.
Similar to node 6, node 7 also complains to its neighbor node 8 because node
8 similarly prohibits east-to-south turns. After a similar process, node 8 also
obtains clockwise bead ownership and opens the east-to-south turn. As shown in
Figure 5(c), all minimal paths between node 6 and node 5 can now be provided
to packets for traffic balancing.

3.3 Safe Bead Passing

Ensuring deadlock-free properties while moving bead nodes in the network is
challenging. As shown in Figure 6(a), node 1 is the clockwise bead owner and
thus allows south-to-west turns. Node 4 can use this south-to-west turn to send
packets to node 0. If the bead node is moved upward at this time (Figure
6(b)), node 1 will prohibit south-to-west turns. If node 4 does not detect this
change promptly and continues sending packets destined for node 0 to node
1, those packets will be blocked at node 1. Additionally, after node 7 obtains
the clockwise bead, it can open the east-to-south turn. However, if this turn
is opened too early—for example, while packets in nodes 1 and 4 are still using
the south-to-west turn—the network may develop a clockwise rightmost cycle,
violating the abacus turn model rules.

To address these issues, bead movement must satisfy two rules: 1. Before a
node prohibits a turn, it must ensure no packets will use that turn 2. If it is
certain that no packets are using any turn that could form a rightmost cycle
with a given turn, that turn may be allowed

Generally, moving a bead by h hops requires prohibiting and allowing h turns
respectively. For large-scale networks, simultaneously satisfying both require-
ments is extremely difficult. To simplify this complexity, [23] divides bead
movement into h sub-steps, moving the bead node by only one hop in each
step. This basic sub-step is treated as a safe atomic operation named “bead-
passing.”Using this safe atomic operation offers two benefits: first, bead-passing
can be completed through local neighbor interactions, providing good scalabil-
ity; second, bead-passing itself guarantees that the network will not introduce
deadlocks during reconfiguration, allowing designers to develop reconfigurable
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routing algorithms without considering complex deadlock issues.

In each atomic operation, only the current bead owner needs to prohibit a turn.
For example, in the scenario shown in Figure 5, to move the bead upward from
node 1 to node 4, node 1 must prohibit the south-to-west turn. To achieve this,
node 1 first notifies node 4 to stop sending southwest-bound packets because
these packets might need to use the south-to-west turn. Upon receiving this
notification, node 4 sets its south output port to “not accepting southwest-
bound packets.”Subsequently, all southwest-bound packets at node 4 will be
routed through the west output port to node 3. However, node 4 cannot send
an acknowledgment to node 1 at this point because there may still be packets
that have completed the routing stage and were routed before node 1 decided to
prohibit the south-to-west turn. Therefore, before sending acknowledgment to
node 1, node 4 must also drain any southwest-bound packets within itself that
might be destined for node 1.

Methods for clearing specific types of packets within routers have been widely
studied in the routing reconfiguration domain [24][25][26][27][28][29]. [23] bor-
rows the reconfiguration token idea from [29], but differs in that not all packets
need to be drained. In the above example, node 4 only needs to drain southwest-
bound packets. Since node 4 can only receive southwest-bound packets from
local, east, and north input ports, reconfiguration tokens need only be inserted
at the end of the corresponding input buffer queues. After the south output
port receives tokens from all three input ports, node 4 can confirm that no
southwest-bound packets that could be routed to node 1 remain within itself.
Node 4 can then send acknowledgment to node 1.

After receiving acknowledgment, node 1 can be confident that its north input
port will no longer receive new southwest-bound packets. However, southwest-
bound packets may still exist in the buffer queue of the north input port. There-
fore, before prohibiting the south-to-west turn, node 1 must also drain southwest-
bound packets from its own north input port. After this, node 1 can prohibit the
south-to-west turn and pass the bead upward. Upon receiving the bead, node 4
opens the east-to-south turn and notifies its west neighbor that it can now send
southeast-bound packets to it. This completes one bead-passing operation. As
shown in Figure 7, operations for moving clockwise and counterclockwise beads
are summarized in pseudocode form. The above discussion corresponds to lines
2-5 in Figure 7(a). The principles for moving the clockwise bead downward and
moving the counterclockwise bead are similar to the upward movement of the
clockwise bead discussed above, differing only in the involved turns.

3.4 Reconfigurable Routing Algorithm Based on the Abacus Turn
Model

The combination of the abacus turn model and bead-passing atomic operations
simplifies reconfigurable routing design to determining rules for bead movement
direction.
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3.4.1 Arm-Wrestling Routing Algorithm According to the abacus turn
model, four non-critical turns—west-to-north, north-to-east, west-to-south, and
south-to-east—are always allowed. The other four turns—east-to-south, south-
to-west, east-to-north, and north-to-west—require reconfiguration through bead-
passing algorithms. These four turns can be divided into two groups: the clock-
wise group (east-to-south and south-to-west) and the counterclockwise group
(east-to-north and north-to-west). Generally, moving a bead means prohibiting
a turn at the old bead owner while allowing another turn from the same group
at the new bead owner. Therefore, the demand for different turns naturally
becomes the basis for determining bead movement direction.

To record demand for different turns, each node requires three registers: CTxy,
CTxy-n, and CTxy-s, representing the demand for turn xy at the current node,
its north neighbor, and its south neighbor respectively, where xy � {es, sw, en,
nw} (e: east; s: south; n: north; w: west; es: east-to-south, sw: south-to-west,
etc.).

With node demand for different turns recorded, moving beads up or down can
be analogized to pushing a zero-mass block up or down a vertical wall. As
shown in Figure 8, the bead is analogized as a zero-mass block. Without loss of
generality, assume this block is a clockwise bead.

In the arm-wrestling algorithm, to move the block upward, the north neighbor
of the current bead holder applies an upward force Fup. This force actually
reflects the north neighbor’s demand for the east-to-south turn, because only
by pulling the bead up can this node open the east-to-south turn. Therefore,
the greater the north neighbor’s demand for the east-to-south turn, the larger
the upward force. Simultaneously, the south neighbor of the bead holder also
applies a force to the block to open the south-to-west turn. This force reflects
the south neighbor’s demand for the south-to-west turn. For the current bead
holder, once it loses the bead, it must prohibit the corresponding turn. For
example, if the bead moves upward, the current bead holder will be located
below the new bead holder and must prohibit the south-to-west turn. If the
bead moves downward, the current bead holder must prohibit the east-to-south
turn. To prevent the bead from being taken by other nodes, the current holder
applies a resistance force to bead movement. To prevent upward movement,
this resistance force is downward and reflects the current holder’s demand for
the south-to-west turn. To prevent downward movement, the resistance force
is upward and reflects the current holder’s demand for the east-to-south turn.
The upward force, downward force, and current node’s resistance together form
a resultant force that determines bead movement direction. To prevent bead
oscillation, we set a threshold (Th); the bead only moves when the resultant
force exceeds this threshold. For moving the counterclockwise bead, the upward
force reflects the north neighbor’s demand for the north-to-west turn, while the
downward force reflects the south neighbor’s demand for the east-to-north turn.
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3.4.2 Tug-War Routing Algorithm In the arm-wrestling algorithm de-
scribed above, only three nodes participate in determining bead movement di-
rection: the current bead holder, its north neighbor, and its south neighbor.
The demands for turns from nodes farther from the bead holder are not con-
sidered. To address this limitation, the tug-war algorithm divides nodes above
and below the current bead holder into two groups. To move the clockwise bead
upward, the total demand of all nodes above the holder for the east-to-south
turn is treated as the upward force Fup. To pull the clockwise bead downward,
the total demand of all nodes below the holder for the south-to-west turn is
treated as the downward force Fdown. Similar to arm-wrestling, the current
bead holder also applies resistance to prevent bead movement. To emphasize
the importance of nodes closer to the bead, the “demand”is halved each time
it passes through a node during transfer.

3.5 Experimental Evaluation

This section evaluates the reconfigurable routing algorithm based on the aba-
cus turn model by comparing it with commonly used routing algorithms. The
abacus turn model provides a “safe”method for dynamic generation and re-
configuration of deadlock-free routing, where “safe”means that no deadlocks
are introduced during algorithm generation and reconfiguration. Therefore, we
select reference routing algorithms that also address the“safety”problem. Com-
pared algorithms include a deterministic routing algorithm: XY routing; two
partially adaptive routing algorithms: west-first [19] and odd-even [20]; and a
minimal-path fully adaptive routing algorithm [15]. Recently proposed routing
algorithms such as CQR [30], O1Turn [31], and RCA [32] target traffic balancing
and are not included in this comparison.

Adaptive routing algorithms may produce two candidate output ports. In such
cases, the output port with more available buffer credits is selected. Each router
contains five input and output ports. Except for [15], all routers are assumed
to have one virtual channel per virtual network, with each virtual channel con-
taining an input buffer queue of depth 4. In [15], each virtual network contains
2 virtual channels; for fair comparison, each virtual channel is allocated only an
input buffer queue of depth 2. Additionally, [15] does not allow a virtual chan-
nel to be reallocated until the tail flit of the previous packet has left the virtual
channel. For other routing algorithms, a virtual channel can be reallocated as
soon as it receives the tail flit of the previous packet, regardless of whether that
flit has left the virtual channel.

This subsection first evaluates routing algorithm performance under synthetic
traffic patterns, including uniform, transpose, and hotspot traffic. Simulations
initially assume a 4×4 mesh network, then repeat on an 8×8 mesh network
to demonstrate scalability. All routing algorithms are implemented in a cycle-
accurate open-source simulator called Garnet [33]. Garnet provides two sim-
ulation modes: flexible and detailed. This simulation uses the detailed mode
because it provides the ability to modify routing structures. In these experi-
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ments, each router implements one virtual network.

Subsequently, this subsection evaluates routing algorithms for application traffic
using trace-driven simulation. Application traces are obtained from the open-
source full-system simulator GEMS [34]. GEMS adds timing simulation of mem-
ory and processor modules to the commercial full-system simulator Simics [35]
through Ruby and Opal modules. Our experiments load only the Ruby mod-
ule and use the Garnet network within Ruby. The cache coherence protocol
used is MSI_MOSI_CMP_directory, which requires 5 virtual networks to re-
solve protocol deadlocks. Among these 5 virtual networks, 2 require in-order
packet delivery. To reduce simulation time, a 4×4 mesh network is used in these
experiments. The benchmark suites are SPLASH-2 [36] and PARSEC [37].

3.5.1 Network Performance under Synthetic Traffic In uniform traf-
fic, each node sends packets to other nodes with equal probability. Simulation
results for 4×4 and 8×8 mesh networks are shown in Figure 9. The horizon-
tal axis represents flit injection rate, and the vertical axis represents average
packet latency (in router clock cycles). Because uniform traffic is inherently bal-
anced, deterministic routing algorithms generally achieve better performance
than adaptive routing algorithms. This occurs primarily because adaptive rout-
ing algorithms often make routing decisions based on local information, which
is a shortsighted strategy that typically degrades network performance.

As shown in Figure 9(a), XY routing achieves the best performance, while the
two partially adaptive routing algorithms exhibit similar network performance.
The reconfigurable routing algorithm based on the abacus turn model performs
worse than partially adaptive routing algorithms in this scenario. This is mainly
because the reconfigurable routing algorithm always reconfigures routing based
on historical information. However, this reconfiguration strategy is often incor-
rect under uniform traffic. For example, if northeast-bound packets have the
highest load in the current time period, the reconfigurable routing algorithm
will allocate more routing adaptivity to northeast-bound packets in the next
period. Yet by definition of uniform traffic, the number of northeast-bound
packets in the next period will likely be very small. The minimal-path fully
adaptive routing algorithm performs worst in this experiment for two reasons:
(1) it has the least input buffer space, and (2) it uses a conservative flow control
mechanism.

To demonstrate scalability, we repeated the same experiment on an 8×8 mesh
network. The results are similar to those in the 4×4 network, but the relative
performance of the fully adaptive routing algorithm improves. This is mainly
because the probability of conflicts increases with network scale. When conflicts
occur, [15] requires packets to wait in escape channels. Since escape channels use
XY routing, the fully adaptive routing algorithm can also benefit from uniform
traffic balance like XY routing.

In the real world, most applications generate non-uniform traffic, such as trans-
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pose traffic. In transpose traffic, source node s always sends packets to destina-
tion node d, where d = (s + b/2) mod b, and b is the bit length needed to index
all nodes. As shown in Figure 10(a), under transpose traffic, the reconfigurable
routing algorithm based on the abacus turn model achieves the best network per-
formance because it can provide full adaptivity for all packets. Transpose traffic
easily causes severe network congestion, so XY routing performs worst. West-
first routing achieves better performance than XY routing because it provides
full adaptivity for eastbound packets, but its improvement is limited because
westbound packets still suffer severe congestion. Odd-even routing provides
relatively balanced adaptivity for packets in all directions, achieving better per-
formance than west-first, but because its adaptivity is incomplete, it cannot
match the performance of the abacus turn model-based reconfigurable routing
algorithm. The fully adaptive routing algorithm also provides full adaptivity,
but due to its smaller buffers and conservative flow control mechanism, its per-
formance is lower than that of the abacus turn model-based reconfigurable rout-
ing algorithm. Figure 10(b) shows simulation results for the same experiment
on an 8×8 mesh network. Although the relative performance between routing
algorithms remains unchanged, the performance gap between our proposed al-
gorithm and existing algorithms widens, primarily because our algorithm better
handles congestion in large-scale networks.

Bursty traffic in applications can create network hotspots, exacerbating con-
gestion. The next two simulations assume four hotspots: nodes 0, 4, 8, and
12. These four nodes have a 20% higher probability of receiving packets than
other nodes. We select these four nodes to simulate frequently accessed mem-
ory controllers. In this scenario, westbound packets easily become congested.
Simulation results shown in Figure 11(a) indicate that the abacus turn model-
based routing algorithm achieves the best performance because it provides full
adaptivity for all packets. The fully adaptive routing algorithm also provides
full adaptivity, but due to its smaller buffer space and conservative flow control
mechanism, its performance is inferior to the abacus turn model-based reconfig-
urable routing algorithm and even worse than odd-even routing. West-first and
XY routing perform worst because they provide no adaptivity. When network
scale increases, congestion becomes more severe. As shown in Figure 11(b), the
performance advantage of the abacus turn model-based reconfigurable routing
algorithm becomes more pronounced.

3.5.2 Network Performance for Application Traffic In Figure 12(a), all
routing algorithms’average network latency on the SPLASH-2 benchmark suite
is normalized to the latency of XY routing. The arm-wrestling and tug-war al-
gorithms based on the abacus turn model significantly reduce average network
latency by dynamically allocating more adaptivity to bursty traffic. Overall, our
two proposed algorithms achieve varying degrees of performance improvement
for all applications in the benchmark suite. However, the degree of improve-
ment varies for different application types. For applications that easily create
conflicts, such as FFT and water-spatial, network performance improvements
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are significant. For low-conflict applications like raytrace and ocean, perfor-
mance improvements are relatively small. For example, ocean generates over
60% local traffic, resulting in only 6% and 7% performance improvements from
arm-wrestling and tug-war algorithms, respectively. Overall, for the SPLASH-
2 benchmark suite, our proposed algorithms achieve an average 10% network
performance improvement, with a maximum improvement of 19%.

To increase confidence in these results, we repeated the experiments on the PAR-
SEC benchmark suite. Simulation results are shown in Figure 12(b), where
average packet latency is also normalized to XY routing. Similar to the pre-
vious results, the abacus turn model-based reconfigurable routing algorithms
also significantly improve network performance on the PARSEC benchmark
suite. Performance improvements are particularly substantial for highly con-
gested applications like canneal (a cache-aware simulated annealing algorithm
for chip layout and routing optimization) and freqmine (frequent itemset min-
ing). For example, for freqmine, the tug-war algorithm reduces average latency
by 15%, while the arm-wrestling algorithm reduces it by 12%. For low-conflict
applications like streamcluster (online clustering of streaming inputs), perfor-
mance improvements are relatively small. For streamcluster, arm-wrestling and
tug-war algorithms reduce average packet latency by 2% and 3%, respectively.
Overall, for the PARSEC benchmark suite, our proposed reconfigurable routing
algorithms can reduce packet access latency by up to 15% and by an average of
10%.

4 Summary
This paper introduces three traffic-aware reconfigurable routing algorithms: two
offline reconfigurable algorithms and one online reconfigurable algorithm. Of-
fline algorithms utilize pre-collected application communication characteristics
to determine routing rules, thereby balancing network traffic and improving net-
work performance. This approach benefits from using global traffic information
for system optimization but can only be used in application-specific systems. In
general-purpose processor systems, where application traffic characteristics can-
not be collected in advance, only online reconfigurable routing algorithms can be
used. The reconfigurable routing algorithm based on the abacus turn model can
dynamically change prohibited turns at each node to achieve on-demand alloca-
tion of routing adaptivity. Since packets in high-load directions can dynamically
obtain more routing adaptivity for traffic balancing, network performance can
be significantly improved. Simulation experiments under non-uniform synthetic
traffic and SPLASH-2 and PARSEC benchmark suites demonstrate that the
abacus turn model-based reconfigurable routing algorithm achieves noticeable
performance improvements over existing routing algorithms.
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