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ABSTRACT

General Terms

With the emergence of many-core architectures, it is quite
likely that multiple applications will run concurrently on a
system. Existing locally and globally adaptive routing algorithms largely overlook issues associated with workload consolidation. The shortsightedness of locally adaptive routing
algorithms limits performance due to poor network congestion avoidance. Globally adaptive routing algorithms attack this issue by introducing a congestion propagation network to obtain network status information beyond neighboring nodes. However, they may suﬀer from intra- and
inter-application interference during output port selection
for consolidated workloads, coupling the behavior of otherwise independent applications and negatively aﬀecting performance.
To address these two issues, we propose Destination-Based
Adaptive Routing (DBAR). We design a novel low-cost congestion propagation network that leverages both local and
non-local network information for more accurate congestion
estimates. Thus, DBAR oﬀers eﬀective adaptivity for congestion beyond neighboring nodes. More importantly, by integrating the destination into the selection function, DBAR
mitigates intra- and inter-application interference and oﬀers
dynamic isolation among regions. Experimental results show
that DBAR can oﬀer better performance than the best baseline algorithm for all measured conﬁgurations; it is well
suited for workload consolidation. The wiring overhead of
DBAR is low and DBAR provides improvement in the energydelay product for medium and high injection rates.
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1.

INTRODUCTION

Given the diﬃculty of extracting parallelism, it is quite
likely that more than one application will run concurrently
on a many-core system [19, 28, 2], often referred to as workload consolidation. Signiﬁcant research exists on maintaining isolation and eﬀectively sharing on-chip resources such
as caches [40] and memory controllers [31]. The networkon-chip (NoC) [7] is another, less-explored example of a
shared resource where one application’s communication may
degrade the performance of another. This work focuses on
improving performance and providing isolation for workload
consolidation via the routing algorithm.
For high performance, consolidated workloads place diﬀerent requirements on the routing algorithms. First, the routing algorithm should provide suﬃcient adaptivity to avoid
network congestion. Second, it should not leverage superﬂuous information leading to inaccurate estimates of network
status. Most importantly, it should provide dynamic isolation among diﬀerent applications. Existing routing algorithms are unable to meet all these needs. Oblivious routing
algorithms, such as DOR, ignore current network status, resulting in poor load balancing across channels. Adaptive
routing algorithms oﬀer the ability to avoid congestion by
supporting multiple paths between a source and destination;
a selection strategy is applied to choose between multiple
outputs. Most existing selection strategies do not oﬀer both
adaptivity and isolation.
The selection strategy should choose the channel that will
route the packet to its destination along the path with the
least congestion. A local selection strategy leverages only
local knowledge, which tends to violate the global balance
intrinsic to traﬃc [17]. Neighbors-on-Path (NoP) selection
strategy addresses this issue by using the status of nodes
adjacent to neighboring nodes [1]. However, this strategy ignores the status of neighboring nodes, and oﬀers sub-optimal
performance for fully adaptive routing algorithms.
Globally adaptive routing, such as Regional Congestion
Awareness (RCA) [17], utilizes a congestion propagation
network to leverage both local and non-local information

to make a choice; however, it introduces excess information when selecting the output port and oﬀers no isolation among diﬀerent applications, leading to performance
degradation for consolidated workloads. As shown in Section 3, this excess information can be classiﬁed as intra- and
inter-application interference. Interference makes the performance of applications less predictable.
Considering the future prevalence of server consolidation
and the need for performance isolation, an eﬃcient routing algorithm should combine high adaptivity with dynamic
workload isolation. Therefore, we believe utilizing precise information is optimal; redundant or insuﬃcient information
easily leads to inferior performance. Based on this understanding of network ﬂow, we introduce Destination-Based
Adaptive Routing (DBAR), a novel adaptive routing algorithm well suited to workload consolidation.
We design a low-cost congestion information propagation
network to leverage both local and non-local network status,
giving DBAR high adaptivity. Furthermore, DBAR’s selection strategy chooses the output port by only considering
the nodes that a packet may traverse, while ignoring nodes
located outside the minimum quadrant deﬁned by the current location and the destination node. Thus, it eliminates
redundant information and can dynamically isolate applications in diﬀerent regions. By eliminating interference and
oﬀering high adaptivity, DBAR outperforms other routing
algorithms for all evaluated network conﬁgurations.
This paper makes the following primary contributions:
• Analyzes the limitations of other selection strategies
including local, NoP and RCA and proposes a novel
destination-based selection strategy that aﬀords suﬃcient adaptivity for network congestion and dynamic
isolation among diﬀerent applications.
• Explores the eﬀects of intra- and inter-application interference and demonstrates that the amount of congestion information considered impacts performance,
especially for consolidated workloads.
• Designs a low-cost congestion information propagation
network with only 3.125% wiring overhead to leverage
both local and non-local network status.

2.

BACKGROUND

In this section, we discuss related work in application mapping and adaptive routing algorithms design.
Since the arrival order and execution time of consolidated
workloads cannot be known at design time, run time application mapping techniques are needed [21, 5, 4, 26]. Approaches to oﬄine resource allocation for a single application
include a branch and bound algorithm [21] and a two-step
genetic algorithm [26]. Mapping each application to a near
convex region provides the optimal NoC conﬁguration for
workload consolidation [5, 4]. Since most application mapping techniques consider the Manhattan distance between
the source and destination but not the routing paths [5, 26],
our routing algorithm is complementary to these techniques.
As shown in Fig. 1, an adaptive routing algorithm consists of two parts: the routing function and the selection
strategy [1]. The routing function computes the set of possible output channels according to the current and destination locations and the selection strategy chooses one of these
channels based on some network status information. Many
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Fig. 1: The structure of an adaptive routing algorithm.
selection strategies have been evaluated including zigzag,
XY, no turn, minimum congestion, and maximum ﬂexibility
in prior work [16, 35, 14, 29, 9].
A routing function must provide deadlock avoidance [3, 6,
10, 11, 16]. Seminal deadlock-avoidance theories [6, 10, 11]
split a physical channel into several virtual channels (VC).
Dally and Seitz give the necessary and suﬃcient condition
for designing deadlock-free deterministic routing [6]. Duato
further enumerates theories for deadlock-avoidance in adaptive routing [10, 11, 12]. These theories are powerful tools for
designing a fully adaptive routing algorithm which can route
packets along all minimal paths between the source and destination. Our proposed DBAR achieves deadlock-freedom
based on Duato’s theory. Turn model routing achieves deadlock avoidance without VC support [16, 3]. Turn model
routing algorithms oﬀer partial adaptivity as not all minimal paths between the source and destination are usable.
Oﬀ-chip networks are constrained by pin bandwidth, but
the abundant wiring resources in NoCs allow easier implementation of congestion propagation mechanisms. Therefore, the NoC paradigm has sparked renewed interest in
adaptive routing algorithms. DyAD combines the advantages of both deterministic and adaptive routing schemes [20].
DyXY uses dedicated wires to investigate the status of neighboring routers [27]. A low-latency minimal adaptive routing
algorithm performs lookahead routing and pre-selects the
optimal output port [24]. The selection strategies of these
designs [20, 27, 24] all leverage the status of the neighboring
nodes. Instead, Neighbors-on-Path (NoP) makes a selection
based on the condition of the nodes adjacent to neighbors [1].
RCA is the ﬁrst work utilizing both the local and nonlocal information to improve load balancing in NoCs [17].
However, this algorithm introduces interference in the congestion calculation, especially under workload consolidation.
Redundant information may degrade the quality of the congestion estimates; to combat this, Ramanujam and Lin [33]
propose a technique to eliminate excess information by integrating the destination into the selection procedure. They
maintain per-destination delay estimates in each router, and
use these estimates to steer the output selection [33]. They
use a dedicated network to sequentially transmit delay information for each network node. However, this mechanism requires long latency for each router to calculate the estimates
for all other network nodes. Despite leveraging a similar observation regarding congestion information, our implementation is quite intuitive and each node can obtain timely
network status. Furthermore our design considers the performance when running multiple concurrent applications.
BLBDR [34] provides strict isolation between adjacent applications by statically conﬁguring connectivity bits and offers partial adaptivity based on turn restrictions. Moreover,
when multiple output ports are available, bLBDR chooses
the optimal port based on local information. In contrast, we
design a novel selection strategy that oﬀers dynamic isolation between regions and achieves full adaptivity based on
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Fig. 2: Packet routing example (the current router is (0,0) and the destination is (2,2)).
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Duato’s theory. The salient feature of DBAR is that it utilizes both local and non-local information while dynamically
isolating diﬀerent applications in a NoC.

MOTIVATION

We motivate the need for a novel routing algorithm from
two directions. First, the selection strategy should have
enough information about network conditions to oﬀer eﬀective congestion avoidance. Both local and NoP [1] selection
strategies lack enough information, leading to sub-optimal
performance. Second, RCA [17] utilizes a light-weight monitoring network to obtain global network information; however, its performance suﬀers from intra- and inter-application
interference. DBAR oﬀers a middle ground between these
extremes.

3.1

Insufﬁcient information

The local selection strategy (LOCAL) leverages the conditions of neighboring nodes when choosing the output channel. These conditions may be free buﬀer slots [20, 27, 24,
17, 1], free VCs [9, 17], crossbar demands [17] or a combination [17]. Fig. 2 shows a packet at router (0,0) that needs to
be routed to (2,2). Since both the east and south ports are
admissible outputs, a selection strategy is required. LOCAL
only uses the information about the nearest nodes ((0,1) and
(1,0)). Without any information about the condition of the
nodes beyond neighboring nodes, it cannot avoid network
congestion more than one hop away from current node.
The NoP selection strategy uses the status of nodes adjacent to neighboring nodes as shown in Fig. 2(b). The
limitation of the NoP selection strategy is that it ignores
the status of neighbors ((0,1) and (1,0)); it makes decisions
based only on the conditions of nodes two hops away. In
the example, for east output evaluation, it considers nodes
(0,2) and (1,1). For south output port evaluation, it considers nodes (2,0) and (1,1). This strategy works well with an
odd-even routing function [1], as certain turns are eliminated for deadlock avoidance. However, with a fully adaptive
routing function, its performance degrades due to limited
knowledge.

3.2

average hops

3.

Intra-region interference

Three RCA variants have been proposed: RCA-1D, -Fanin
and -Quadrant [17]. RCA-1D transmits aggregated status information along each dimension. RCA-Fanin captures
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Fig. 3: The average hops for synthetic traﬃc.

more congestion information by aggregating information from
orthogonal dimensions as the status is transmitted. RCAQuadrant improves accuracy over Fanin by separating congestion values for diﬀerent network quadrants. No single
RCA variant provides the best performance across all traﬃc
patterns. Our experimental results show more interference
and larger performance degradation for RCA-Quadrant and
RCA-Fanin than for RCA-1D; therefore, we use RCA-1D as
a baseline.
Fig. 2(c) shows an intra-region1 scenario for RCA-1D. All
16 nodes run the same application. When evaluating east
output congestion, RCA-1D considers the status of nodes
(0,1), (0,2) and (0,3). Similarly, it considers nodes (1,0),
(2,0) and (3,0) when evaluating the south port. For destination node (2,2), the information from nodes (0,3) and (3,0)
cause interference as they lie outside the minimum quadrant deﬁned by (0,0) and (2,2); this packet will not traverse
those nodes. This interference may result in poor output
port selection and cause performance degradation. In other
words, when evaluating output ports, RCA-1D considers the
status of all nodes along each admissible direction and introduce excessive congestion information, which may degrade
performance, especially considering traﬃc locality.
We compute the average hop count (AHP) to measure
traﬃc locality for several synthetic traﬃc patterns [8] on
8 × 8 and 4 × 4 meshes. Most synthetic traﬃc has an AHP
of less than 5.6 hops (average 5.58) and 3 hops (average 2.63)
for the 8×8 and 4×4 mesh networks respectively as shown in
Fig. 3. These patterns exhibit locality as most packets travel
a short distance between source and destination. Thus, we
need strategies to mitigate intra-application interference.
1

We use region and application interchangeably.
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3.3

Inter-region interference

Fig. 4 illustrates a workload consolidation example for an
8 × 8 mesh network; similar scenarios will be prevalent in
many-core systems. Here, there are 4 concurrent applications and each application is mapped to a 4 × 4 region. Region R0 is deﬁned by nodes (0,0) and (3,3), R1 is deﬁned by
nodes (0,4) and (3,7), R2 is deﬁned by nodes (4,0) and (7,3),
and R3 is deﬁned by nodes (4,4) and (7,7). Fig. 4 shows a
packet whose current router is (0,2) and that needs to be
routed to node (2,0). Even though traﬃc in R0 is isolated
from traﬃc in other regions, RCA-1D considers the congestion status of nodes in R2 when selecting output ports for
traﬃc belonging to R0. Obviously, this method introduces
signiﬁcant interference in output selection and reduces performance isolation.
To evaluate the eﬀect of this inter-region interference, we
assign transpose traﬃc to R0 and uniform random traﬃc to
R1-R3. The performance of region R0 is presented in Fig. 5.
For ‘RCA-uni region’ curve there is only one region (R0)
in a 4 × 4 mesh network with transpose traﬃc; this latency reﬂects perfect isolation and no inter-region interference.
The saturation throughput of RCA-1D is ∼65%. However,
without isolation, the saturation throughput drops dramatically to ∼50% under workload consolidation, as shown with
the ‘RCA-multi regions(4%)’ curve where R1, R2 and R3 all
have a 4% injection rate (limited by their respective boundaries). For the ‘RCA-multi regions(64%)’ curve, R1 has a
64% injection rate while R2 and R3 remain at 4%; in this unbalanced scenario, the saturation throughput of R0 further
decreases to 47% (see Section 5 for more detail). Clearly, the
congestion information of R1, R2 and R3 greatly aﬀects the
routing selection in R0. RCA-1D couples the activities of
otherwise independent applications, and this characteristic
is not desirable for workload consolidation.
RCA could be extended to limit inter-region interference
through statically conﬁgured cutoﬀs in boundary routers;
this mechanism may be complex and boundaries would have
to be computed oﬀ-line. As applications and their mappings
may change during run-time, this mechanism has poor ﬂex-
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Fig. 6: A scenario for DBAR (the current router is
(0,0) and the destination is (2,2)).
ibility. More importantly, it cannot eliminate intra-region
interference, which signiﬁcantly aﬀects performance for small regions as we will show in Section 5.
DBAR aims to reduce both intra- and inter-region interference by considering only the congestion of nodes in the
minimum quadrant deﬁned by the current and destination
nodes. Fig. 6 shows a scenario similar to Fig. 2. When evaluating the east output, DBAR considers nodes (0,1) and
(0,2); when evaluating the south output, DBAR considers
nodes (1,0) and (2,0). This scheme leverages information
from both neighboring and non-local nodes; it has more accurate knowledge about network congestion than LOCAL
and NoP. DBAR does not consider congestion information
from nodes (0,3) and (3,0) which eliminates interference.
More importantly, for workload consolidation with each application mapped to a near convex region [5, 4], DBAR dynamically isolates routing for each region. In other words,
the DBAR algorithm has neither intra- nor inter-region interference and provides suﬃcient adaptivity for congestion.

4.

DESTINATION-BASED SELECTION
STRATEGY DESIGN

The selection strategy in adaptive routing algorithms signiﬁcantly impacts performance [1, 35, 14, 29]. An eﬃcient
selection strategy should ideally satisfy two goals: high
adaptivity and dynamic isolation for workload consolidation. The selection strategy should leverage both local
and non-local network congestion information for better accuracy. At the same time, it should not utilize excess information. More importantly, under workload consolidation,
the selection strategy should oﬀer dynamic isolation for diﬀe-
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rent applications, to avoid the negative eﬀects of inter-region
interference.
Before presenting the destination-based selection strategy,
we explain the design of our low-cost congestion information
propagation network. Each router forwards the number of
available VCs to other routers in the same dimension. Each
router has the congestion status of all other routers in the
same dimension. We use the number of available VCs since
it requires low wiring overhead for propagation. Other congestion metrics achieve similar performance.
DBAR selects the output port according to the weighted congestion value of each dimension; only nodes inside
the quadrant deﬁned by the current and destination nodes
are considered in this weighted congestion calculation. By
ignoring nodes residing outside the minimal quadrant, this
congestion computation minimizes the intra-region interference and oﬀers dynamic isolation between diﬀerent regions.

4.1

Contention Information Propagation
Network

In oﬀ-chip networks, bandwidth is constrained by pin limitations. However, NoCs can take advantage of abundant
wiring to employ a dedicated network to exchange congestion information without adding traﬃc overhead [1, 17].
The dedicated congestion propagation network enables the
router to leverage both local and non-local network information to accurately estimate network congestion. Both
NoP and RCA utilize such a low-bandwidth monitoring network [1, 17]. NoP leverages this network to exchange free
buﬀer slots of neighboring routers between adjacent routers.
RCA leverages this network to obtain the congestion status of distant routers beyond those adjacent to neighboring routers. We focus on obtaining global information; the
propagation network in RCA serves as the best comparison
point.
At each hop in RCA’s congestion propagation network,
the local status is aggregated with information from neighboring nodes and then propagated to upstream routers [17].
This implementation has two limitations. First, the aggregation logic combines local and distant information during
transmission, making it impossible for the selection function
to ﬁlter out superﬂuous information. Second, the aggregation logic introduces an additional cycle of latency per hop,
leading to stale congestion information at distant routers.
Based on these two observations, we propose a novel prop-

agation network, which consumes only one cycle per tile,
giving DBAR timelier congestion information. More importantly, the design makes it feasible for the selection function
to ﬁlter out information based on the packet destination.
Fig. 7 shows the proposed congestion propagation network for the third row of an 8 × 8 mesh; the same structure
is present in each row and column. Along a dimension, each
router has a register (congestion X or congestion Y ) to store
the incoming congestion information. The incoming congestion information along with the local status are forwarded
to the neighboring nodes in the next cycle via the congestion
propagation channel.
The width of each congestion propagation channel needs
to be log(numV Cs) to cover the range of free VCs. However, a coarser approximation of available VCs is suﬃcient to
estimate congestion. For neighboring routers, making a ﬁne
distinction between available VCs will have little impact; for
example, assume a packet can choose between two output
ports with 5 and 6 available VCs respectively (8 total VCs).
It is nearly equivalent to send the packet to either port since
they are both lightly loaded. On the other hand, since the
router weighs the incoming congestion information according to the distance from current router, it is also unnecessary
to have accurate numbers for distant routers.
As we show in Section 7, one wire is suﬃcient for achieving high performance; the router forwards congestion information in an on/oﬀ manner. The threshold for indicating
congestion (forwarding a 0) is 4 (out of 8 VCs); when 5
or more VCs are available, a 1 is forwarded to indicate no
congestion. Coarse-grain congestion signals will toggle infrequently resulting in a low activity factor and low power
consumption for this network.
Using this coarse-grain monitoring, both the congestion X
and congestion Y registers are 9 bits wide. Incoming congestion information from routers in the same dimension is
stored in 7 bits and other 2 bits store the conditions of two
ports in the local router. The router weighs the incoming
congestion information based on the distance from current
router; the weight of incoming congestion information is
halved for each additional hop. This ratio is chosen based
on prior work [17] and practical implementation complexity. Adjacent bit positions of a register inherently maintain
a step ratio of 0.5, thus we can easily implement this step
ratio by putting the incoming congestion information in the
appropriate positions in the registers.
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The Selection Metric Computation (SMC) and Dimension Pre-selection (DP)
modules are added to the router as shown in Fig. 10. The
SMC module computes the dimension of the optimal output port for every possible destination using the congestion
information stored in congestion X and congestion Y. An

From Crossbar
Input
port 4

Output
channels

DBAR Router Microarchitecture

Our DBAR router is based on a canonical VC router [8,
13]. The pipeline of the canonical VC router is composed
of four stages: routing computation (RC), VC allocation
(VA), switch allocation (SA) and switch traversal (ST). Link
traversal (LT) requires one cycle to forward the ﬂit to next
hop. For high performance, the DBAR router applies speculative switch allocation [32]; VA and SA proceed in parallel
at low network loads. We also leverage look-ahead adaptive routing computation to remove the RC stage from the
critical path [24, 17, 15]; the router calculates at most two
alternative output ports for the next hop. Advanced bundles [18, 25] encoding the packet destination ID traverse the
link to the next hop while the ﬂit is in the switch traversal
stage as shown in Fig. 9.
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Fig. 8 shows the format of congestion X and congestion Y
registers in router (3,2). Bit 0 of congestion X stores the
east input port status of current router. Bits 1 and 2 store
the incoming congestion information from its nearest and
one hop farther west neighbor: Routers (3,1) and (3,0), respectively. These ﬁrst three bits are forwarded to the east
neighbor: Router (3,3). Bit 3 of congestion X stores the
west input port status of current router, and the following
ﬁve bits sequentially store the west input port status of the
remaining east side routers based on distance. These six bits
are forwarded to the west neighbor: Router (3,1).
Bits are stored in a similar fashion for congestion Y. Bit
0 stores the south input port status of current router, followed by three bits storing the south input port status of the
routers located to the north of current router. These four
bits are forwarded to the south neighbor: Router (4,2). Bit
4 stores the north input port status of current router, and
the following four bits stores the north input port status of
the routers located to the south of current router. These
ﬁve bits are forwarded to the north neighbor: Router (2,2).
RCA-Fanin and -Quadrant aggregate information from
multiple dimensions. In their evaluation [17], this additional
information can sometimes be helpful in selecting the output
port. DBAR maintains information on a per-router basis for
all routers in a single dimension. DBAR could be extended
to incorporate additional information from fan-in routers;
however, this modiﬁcation would substantially increase the
complexity of the congestion information propagation network.
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Fig. 8: The format of the congestion registers (E:
East, W: West, N: North, S: South).
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Fig. 10: DBAR router architecture.
additional register, out dim stores the results of the SMC.
With minimal routing, there are at most two admissible output ports (1 per dimension) for each destination. Due to
these restrictions, the out dim register uses one bit to represent the optimal output port for each destination. If the
value is ‘0’, the optimal output port is along dimension X;
otherwise, it is along dimension Y .
Fig. 11 illustrates the pseudo-code of SMC module to
compute the optimal output dimension for a packet whose
destination is the posth bit position of the out dim register.
Packets forwarded to the local node are excluded from this
logic. Along each dimension, only those bit positions in the
congestion X and congestion Y registers storing congestion
information for nodes inside the quadrant deﬁned by the
current and the posth nodes are chosen. The chosen values
are the congestion status metric for each dimension. According to the relative magnitude of the congestion status
for the X and Y dimensions, the SMC sets the value of
the posth bit in the out dim register. If their magnitudes
are equal, DBAR randomly chooses an output dimension.
Since the SMC module only examines bit positions representing those nodes inside the quadrant deﬁned by current
node and the posth node along each dimension, interference
is not introduced. At the same time, DBAR utilizes the
information from non-local routers to improve its ability to
avoid congestion.
Dimension Pre-selection. To remove the output port selection procedure from the critical path of the DBAR router,
the Dimension Pre-selection (DP) module (shown in Fig. 12)
accesses the out dim register one cycle ahead of the ﬂit’s
arrival. The value of out dim is computed out by SMC
module in the previous cycle (see Fig. 9).
The DP module selects the corresponding bit position of
the out dim register according to the destination encoded in
an advanced bundle. Six XOR gates and a NOR gate are

1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

if ( pos_x < cur_x )
tmp_x[0:cur_x-pos_x-1] ĕ congestion_X[1:cur_x-pos_x];
else if (pos_x > cur_x )
tmp_x[0:pos_x-cur_x-1] ĕ congestion_X[cur_x+2:pos_x+1];
else {
out_dim[pos] ĕ 1;
return;}
if ( pos_y < cur_y )
tmp_y[0:cur_y-pos_y-1] ĕ congestion_Y[1:cur_y-pos_y];
else if (pos_y > cur_y )
tmp_y[0:pos_y-cur_y-1] ĕ congestion_Y[cur_y+2:pos_y+1];
else {
out_dim[pos] ĕ 0;
return;}
if( tmp_x < tmp_y )
out_dim[pos] ĕ1;
else if( tmp_x > tmp_y )
out_dim[pos] ĕ 0;
return;

Tab. 1: Full system simulation conﬁguration.
Cores

16 in-order cores
Memory system
L1 I/D Cache
32 KB 2-way set associative
(1 cycle latency)
Private L2 Cache
512 KB 4-way set associative
(6 cycles latency)
Shared L3 Cache
16 MB 16 way set associative
(12 cycles latency)
Main Memory Latency
100 cycles

Tab. 2: Benchmark description.
Benchmark
Barnes
Ocean
Radiosity
Raytrace
SPECjbb

Fig. 11: The pseudo-code of SMC module. (cur y,
cur x) and (pos y, pos x) are the positions of current
and posth router respectively. The initial value of
tmp x and tmp y are 7-bit 0s.

SPECweb
TPC-H

TPC-W
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dest[5]
pos[5]

dest[4]
pos[4]

dest[3]
pos[3]

dest[2]
pos[2]

dest[1]
pos[1]

dest[0]
pos[0]

out_dim[pos]

Fig. 12: Hardware implementation of DP module.
used to generate the mask signal. If the destination ID is
equal to pos, the mask signal is set to ‘1’; otherwise, it is
set to ‘0’. An AND gate masks or unmasks the posth bit
value of the out dim register. Finally, the logic values of all
bit positions are combined by an OR gate to generate the
port selection signal. This OR gate combines the values of
the other bit positions in the out dim register that do not
correspond to packet’s destination and have been masked oﬀ.
The head ﬂit encodes the admissible output ports computed
in last hop. When the head ﬂit arrives current node, it
chooses the output port according to the result of the DP
module. Using the logical eﬀort model [32], the delay of the
DP module is ∼8.1 FO4. If the DP module were added to
the VA stage, the critical path would increase from 20 FO4
to 28.1 FO4. Advanced bundles serve to avoid this increase.

5.

EVALUATION

We modiﬁed the Booksim simulator [8] to model the microarchitecture and pipeline discussed in Section 4. The

Description
8K particles, full end-to-end run including
initialization
512×512 full end-to-end run (parallel phase only)
-room -batch -ae 5000 -en 0.050 -b 0.10
(parallel phase only)
car input (parallel phase only)
Standard java server workload utilizing
24 warehouses, executing 200 requests
Zeus Web Server 3.3.7 servicing 300 HTTP
requests
Transaction Processing Council’s Decision
Support System Benchmark, using IBM DB2
v6.1, running query 12 with a 512MB database
and 1GB of memory
Transaction Processing Council’s Web
e-commerce benchmark, DB Tier, browsing
mix, 40 transactions

router pipeline is two cycles plus one cycle for link traversal.
DOR is chosen for the deterministic routing algorithm. We
implement a locally adaptive routing algorithm (LOCAL),
NoP and RCA-1D2 . To be fair, DBAR, RCA, NoP and
LOCAL all employ a fully adaptive routing function based
on Duato’s theory [11].
We use 8 VCs with 5 ﬂit buﬀers each. We use 4×4 and 8×8
mesh topologies. The packet length is uniformly distributed
between 1 and 6 ﬂits. The simulator is warmed up for 10,000
cycles and then the average performance is measured over
another 100,000 cycles. Both synthetic traﬃc patterns [8]
and application traces from scientiﬁc [39] and commercial
workloads [37, 38] are used. Application traces are obtained
from a full system simulator conﬁgured as shown in Tab. 1.
Workload details are presented in Tab. 2.

5.1

Single Region Performance

To highlight the impact of insuﬃcient congestion information for LOCAL and NoP and the intra-region interference for RCA, we evaluate the performance of these ﬁve
algorithms in two single application conﬁgurations: 4 × 4
and 8 × 8 mesh networks. There is only one traﬃc pattern
throughout the whole network.
Synthetic Traﬃc Results. Fig. 13 and Fig. 14 give the
latency results for the ﬁve algorithms using transpose, bit
reverse, shuﬄe and bit complement traﬃc patterns in 4 × 4
and 8 × 8 mesh networks, respectively.
In the 4 × 4 mesh network, DBAR has the best performance on these four traﬃc patterns as RCA suﬀers from
intra-region interference. There is one exception: for bit
complement, RCA’s saturation point is 2.1% higher3 . Bit
complement has the largest AHP with 4 hops in a 4 × 4
2

RCA-1D is referred to as RCA throughout the evaluation.
The saturation point is the point at which the average latency is 3 times the zero load latency.
3
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Fig.
13: Routing algorithm performance for a 4 × 4 mesh network (region).
RCA-uni region and
RCA-multi region give the performance of RCA for a single region and multiple regions respectively.
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Fig. 14: Routing algorithm performance for an 8 × 8 mesh network with a single region.
network (Fig. 3); this AHP mitigates the intra-region interference. LOCAL and NoP perform the worst for bit complement traﬃc due to their limited knowledge. The small AHP
(2.5 hops) of transpose traﬃc leads to RCA performing the
worst among all four adaptive algorithms. DBAR, LOCAL
and NoP oﬀer similar performance for transpose traﬃc with
∼13% improvement in saturation throughput versus RCA.
DBAR has a signiﬁcant improvement of 21.9% relative to
RCA for bit reverse.
DBAR shows 10.2% and 8.5% saturation throughput improvement over LOCAL for shuﬄe and bit complement trafﬁc. These patterns cause global congestion and the shortsightedness of the locally adaptive strategy makes it unable
to avoid congested areas. The saturation throughput improvements of DBAR against NoP are 17.7% and 11.1% for
bit reverse and bit complement traﬃc respectively. NoP
overlooks the status of neighboring nodes. Comparing the
performance of LOCAL against NoP further illuminates this
limitation. This phenomenon validates our weighting mechanism placing more emphasis on closer nodes.
LOCAL outperforms RCA on a 4 × 4 mesh; intra-region
interference leads RCA to make inferior selection decisions.
However, in the 8 × 8 mesh, DBAR and RCA oﬀer the
best performance, while LOCAL has inferior performance.
RCA’s improvement comes from the weighted mechanism in
the congestion propagation network. The weight of the congestion information halves for each hop; the eﬀect of intraregion interference from distant nodes diminishes. This interference reduction is a result of the high AHP of 5.58 for
these patterns. However, the AHP on the 4 × 4 network is
2.63, which is not large enough to hide the negative eﬀect of
interference.
Although the weighted aggregation mechanism mitigates
some interference in the 8 × 8 mesh network, DBAR still
outperforms RCA by 11.1% for bit reverse traﬃc. Com-

pared with the 4 × 4 network, DBAR further improves the
saturation throughput for shuﬄe and bit complement versus LOCAL by 12.4% and 16.5%. The shortsightedness of
LOCAL has a stronger impact in a larger network. Similar trends are seen for NoP. For most traﬃc, DOR’s rigidity
prevents it from avoiding congestion.
Application Results. Fig. 15 shows average packet latencies normalized to DOR in a 4 ×4 network for several scientiﬁc and commercial applications. Since Barnes exhibits
global load balance and a low injection rate, DOR oﬀers the
best performance. For the other applications, DBAR has
the lowest latency. For most applications including Ocean,
SPECjbb, TPC-H and TPC-W, RCA has the worst latency; this is consistent with the synthetic results. NoP has
larger latency than LOCAL for most applications; its ignorance of neighboring nodes results in sub-optimal selections.
Raytrace and TPC-H have the largest latency reductions
of 25.2% and 19.8% for DBAR versus LOCAL. These two
applications have high injection rates, thus favoring the algorithm with higher throughput. The average latency reduction is 10.8% for DBAR versus LOCAL.

5.2

Multiple Region Performance

We evaluate three multiple-region conﬁgurations: two regular (small and medium sizes shown in Fig. 4 and Fig. 16)
and one irregular region conﬁgurations (Fig. 17). In all conﬁgurations, we focus on the performance of R0.
Small-Sized Regular Region Results. In the ﬁrst and
second conﬁgurations (Fig. 4 and Fig. 16), regions R1, R2
and R3 (in Fig. 4 only) run uniform traﬃc with 4% injection rates while we vary the pattern in R0. For the regular
region conﬁguration, LOCAL, NoP and DBAR do not have
inter-region interference, since they only consider the congestion status of nodes belonging to the same region when
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Fig. 15: Performance for application traces.
0

6
7
0
1
2
3
4
uniform random (R0)
uniform random (R2)

5
6
7
uniform random (R1)
uniform random (R3)

1
2

Fig. 17: Irregular region conﬁguration for an 8 × 8
mesh network.
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Fig. 16: Medium-sized region conﬁguration for an
8 × 8 mesh network.
making selections. Thus, for the ﬁrst region conﬁguration
(Fig. 4), these 3 algorithms and DOR have the same performance as shown in Fig. 13. However, RCA’s performance
suﬀers from inter-region interference, since it considers the
congestion status of all nodes along each dimension when
selecting the output port. The ‘RCA-multi regions’ curves
in Fig. 13 show RCA’s performance for the multiple regions
conﬁguration.
Compared with the single region, RCA’s performance declines; RCA suﬀers not only from intra-region interference,
but also from inter-region interference. Transpose and shufﬂe see 22.7% and 16.9% drops in saturation throughput. For
bit reverse traﬃc, the performance degradation is minor; the
intra-region interference has already signiﬁcantly degraded
RCA’s performance and hides the eﬀect of inter-region interference. DBAR maintains its performance for this conﬁguration, thus revealing a clear advantage. The average
saturation throughput improvement is 25.2% with the maximum improvement of 46.1% for transpose traﬃc. Fig. 15
(‘RCA-multi regions’) shows that RCA’s latency increases
for all applications compared to the single region conﬁguration (in multiple regions conﬁguration, R1-R3 run uniform
random traﬃc with 4% injection rates). SPECweb has the
maximum latency increase of 11.1%.
Routers at the boundary of R1 and R2 strongly aﬀect
R0’s performance, since some of their input ports are never
used. For example, the west input VCs of router (0,4) are
always available since no packets arrive at this router from
the west. The interference from internal nodes of R1 and
R2 is partially masked by RCA’s weighting mechanism at

these boundary nodes with 8 free VCs. This explains why
R0’s saturation point only decreases from 50% to 47% when
the injection rate of R1 increases from 4% to 64% in Fig. 5.
Medium-Sized Regular Region Results. Fig. 18 shows
the performance of the algorithms in the second multipleregion conﬁguration (Fig. 16). This conﬁguration reveals
the relationship between region size and performance. We
use four traﬃc patterns: matrix transpose [20], tornado, hot
spot and random permutation. Under hot spot traﬃc, three
hot spot nodes receive an extra portion (20%) of traﬃc in
addition to the regular uniform traﬃc. Such hot spots may
occur when a disproportionate amount of traﬃc travels to
memory controllers. Random permutation is the average
performance of 1000 permutations from total 36! possible
permutations [36].
DBAR provides the highest performance for all patterns.
With the increase in region size, RCA has better performance relative to LOCAL and NoP, which is consistent with
the trend revealed in the single region conﬁguration evaluation. For medium-sized region, the shortsightedness of
LOCAL and NoP begin to limit their performance, as compared with the performance of the 4 × 4 mesh network. Although RCA still suﬀers from inter-region interference, the
saturation throughput drop is not as dramatic as Fig. 13
shows. The maximum throughout drop is 7.6% for random
permutation traﬃc. Larger AHP and the weighted mechanism help to mitigate the inter-region interference.
Irregular Region Results. Fig. 17 shows non-rectangular
regions. The isolation boundaries of R0 and R1 are the minimal rectangle surrounding these regions; some nodes receive
traﬃc from both regions. We show the performance of R0
while varying the injection rate of R1 from low load (4%) to
high load (55%) in Fig. 19; the injection rates of R2 and R3
are ﬁxed at 4%. Uniform random traﬃc is run in all regions.
For both high and low loads in R1, DBAR has the best
performance. As the load in R1 increases, the performance
of all algorithms declines. For low load in R1, RCA has
the second highest saturation throughput. Two rows of R0
have 5 routers; LOCAL and NoP are not suﬃcient to avoid
congestion. When R1 has a high injection rate, the saturation points decline for DOR, LOCAL, NoP, RCA and
DBAR by 7%, 7%, 6.8%, 6.7% and 4% respectively; DBAR
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Fig.
18: Routing algorithm performance for a 6 × 6 mesh network (region).
RCA-uni region and
RCA-multi region give the performance of RCA for a single region and multiple regions respectively.
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Tab. 3: Average saturation throughput improvement of DBAR.
network
4×4
6×6
8×8
irregular

LOCAL
7.2%
13.5%
12.6%
16.5%

NoP
8.8%
11.7%
14.9%
14.3%

RCA
10.4%
9.6%
4.7%
-

RCA multi
25.2%
14.1%
6.8%

shows the least performance degradation since it oﬀers the
best isolation between these two regions. DBAR can provide more predictable performance when running multiple
applications.
Summary. In a workload consolidation scenario, diﬀerent
concurrent applications will be mapped to diﬀerent region
sizes (ranging from small to large) according to their intrinsic
parallelism. However, with small regions, RCA suﬀers from
intra- and inter-region interference, while LOCAL and NoP
are limited by shortsightedness for medium and large-sized
regions. Neither of these algorithms provide good performance for workload consolidation on a many-core platform.
Tab. 3 lists the average saturation throughput improvement of DBAR against other algorithms for diﬀerent conﬁgurations. DBAR provides better performance than the
best baseline for all evaluated conﬁgurations and it shows
the smallest performance degradation with multiple irregular regions. Thus, DBAR is well suited to workload consolidation.

OVERHEAD: WIRING AND POWER
CONSUMPTION

Wiring Overhead. DBAR, RCA, NoP and LOCAL all
require some wiring overhead to transmit congestion information. DBAR introduces 8 additional wires for each dimension. RCA’s congestion network uses 8 wires in each direction for a total of 16 per dimension. Although RCA can
be optimized to transmit congestion status in a bit-serial
manner using only a single wire per direction, we do not
consider this design. NoP requires 4 × log(numV Cs) = 12
wires per direction; there are 24 wires for one dimension.
LOCAL requires log(numV Cs) = 3 wires in each direction
for 6 total wires per dimension. Given a state-of-the-art NoC
design with 128-bits channels [28], the overhead of DBAR is
just 3.125% versus 6.25%, 9.375% and 2.34% for RCA, NoP
and LOCAL, respectively. DBAR has a modest overhead;
abundant wiring on chip is able to accommodate these wires.
Power Consumption. We leverage an existing NoC power model [30], which divides the total power consumption
into three main components: channels, input buﬀers and
router control logic including crossbar traversal, crossbar
control and output control module. Leakage power is included for buﬀers and channels. We also model the power
consumption of the congestion propagation network and the
additional modules of DBAR. The activity of these components is obtained from a cycle-accurate simulator. We use a
32nm technology process with a 1 GHz clock frequency. The
process parameters are obtained from ITRS roadmap [22].
Fig. 20(a) illustrates the average power for transpose trafﬁc with diﬀerent injection rates. Since DOR cannot support injection rates higher than 20%, there are no results
for 30% and 35% injection rates. The increased hardware
complexity, especially the congestion propagation network
of adaptive routing algorithms results in a higher average
power than the simple DOR algorithm. Comparing these
four adaptive routers, LOCAL and DBAR have the lowest
power since they have the lowest wiring overhead. NoP has
the highest power. LOCAL need 6 additional wires, which
is less than DBAR, but these wires have a higher activity
factor than DBAR. For a 20% injection rate, the activity
of DBAR’s congestion propagation network is 15.8% versus 17.5% of LOCAL. This smaller activity factor mitigates
the increased power of DBAR’s congestion propagation network. For a 35% injection rate, LOCAL consumes more
power than DBAR. The adaptive routing algorithm accelerates packet transmission, showing a signiﬁcant energy-delay
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Fig. 20: Power consumption results for transpose traﬃc.
product (EDP) advantage. As shown in Fig. 20(b), DBAR
provides smallest energy-delay product for medium (20%)
and high injection rates (30% and 35%).

7.

DBAR DESIGN SPACE EXPLORATION

Number of Propagation Wires. Tab. 4 lists the saturation throughput of DBAR with 1-, 2- and 3-bit wide propagation networks for two network sizes. Wider propagation
networks can transmit VC utilization with ﬁner granularity. The increase in wiring brings only minor performance
improvements, and these performance gains decrease as the
network scales. The trend is similar with 16 VCs per port.
The performance gain with a 4-bit propagation network is
marginal compared to 1 bit. When the number of VCs is
larger than 8, crossbar conﬂicts are more limiting than head
of line conﬂicts [23]. Making a ﬁne distinction about the
available VCs has little practical impact. By using 1-bit
wire for congestion information propagation, we introduce
only 8 additional wires along each dimension.
DBAR Scalability. The cost of scaling DBAR to a larger
network increases linearly as N 1-bit congestion propagation
wires are needed for an N × N network. For a 16 × 16 network, this represents a 6.25% overhead with 128 bit channels. The size of the added registers in DBAR also increase
linearly. The latency of the DP module increases logarithmically with network radix; however this delay is not on the
critical path so it will not increase the router cycle time.
DBAR is a cost eﬀective solution for many-core networks.
Congestion Propagation Delay. In addition to eliminating interference, our novel congestion network operates
with only a 1 cycle per hop delay compared to 2 cycles per
hop in RCA. To isolate this eﬀect from interference eﬀects,
we compare DBAR with a 1 cycle per hop and a 2 cycle per
hop congestion propagation network. The timeliness of the
1 cycle per hop network improves saturation throughput by
up to 5% over the 2-cycle design (for shuﬄe traﬃc pattern).

8.

CONCLUSIONS

Current routing algorithms cannot provide high performance for workload consolidation. The shortsightedness of
locally adaptive routing algorithms limits their performance
for medium and large-sized networks, while globally adap-

tive routing algorithms suﬀer from both intra- and interregion interference for multiple regions. Interference across
regions can occur even if packets of a given region never traverse nodes of another region; the interference comes from
propagating congestion information across region boundaries.
By leveraging a novel congestion information propagation
network, the proposed DBAR algorithm provides both high
adaptivity for network congestion and dynamic isolation to
eliminate interference. Experimental results show that DBAR
can oﬀer better performance for small, medium and largesized networks. The wiring overhead of DBAR is only 3.125%.
DBAR provides the lowest energy-delay product for medium and high loads. DBAR is topology-agnostic; future work
will extend DBAR to additional topologies beyond mesh networks. We also plan to explore fault tolerance in the context
of DBAR.
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