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Abstract—SMART (Single-cycle Multi-hop Asynchronous Repeated Traversal) Network-on-Chip (NoC), a recently proposed
dynamically reconfigurable NoC, enables single-cycle long-distance communication by building single-bypass paths directly between
distant communication pairs. However, such a single-cycle single-bypass path will be readily broken when contention occurs. Thus,
packets will be buffered at intermediate routers with blocking latency from other contending packets, and extra router-stage latency to
rebuild the remaining path when available, reducing the bypassing benefits that SMART NoC offers. In this article, we for the first time
propose an effective contention-minimized routing algorithm to achieve maximal bypassing in SMART NoCs. Specifically, we identify
two potential routes for packets: direct route, with which packets can reach the destination in a single bypass; and indirect route, with
which packets can reach the destination in multiple bypasses via a (multiple) intermediate router(s). The novel feature of the proposed
routing strategy is that, contrary to an intuitive approach, not the routes with minimal distance but the indirect routes via the arbitrary
intermediate routers (even if they may be non-minimal) that avoid contentions yield the minimized end-to-end latency. Our new routing
strategy can greatly enrich the path diversity, effectively minimize the conflicts between communication pairs, greatly balance the
workloads and fully utilize bypass paths. Evaluation on realistic benchmarks demonstrates the effectiveness of the proposed routing
strategy, which achieves average performance improvement by 35.48 percent in communication latency, 28.31 percent in application
schedule length, and 37.59 percent in network throughput, compared with the current routing in SMART NoCs.

Index Terms—SMART NoC, contention-minimized routing, bypassing, end-to-end latency, direct route, indirect route.
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1 INTRODUCTION

N ETWORK-on-chip (NoC) is a widely-used communica-
tion backbone for on-chip multi-/many-core systems

(e.g., Xeon Phi [1], Teraflop [2], and Tilera [3]), in which
the communication latency gradually becomes a bottleneck
for system performance [4], [5] due to long-distance data
transmission, especially for communication-intensive appli-
cations. Two main factors are influencing the latency of
a source-destination communication pair: (i) the number
of hops between the source and the destination, and (ii)
contention issues that would introduce blocking latency
from other contending packets. The former factor is inher-
ently restricted by the distance of the source-destination
communication pair, and the latter one is mainly related to
task mapping and packet routing approaches.

To address the first factor influencing the communication
latency mentioned above, an advanced reconfigurable NoC
using the Single-cycle Multi-hop Asynchronous Repeated
Traversal (SMART) NoC (SMART for short henceforth) was
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proposed [5], [6], which can effectively reduce the number of
hops by dynamically building a single-cycle multi-hop path
via bypass, and works especially well for long-distance com-
munication pairs. To reduce the effective number of hops,
SMART employs bypass control and integrated clockless
repeaters based on traditional on-chip routers. It mainly
takes advantage of the following two facts: (i) With asyn-
chronous repeaters, the electric signal can propagate multi-
millimeters in a single cycle; (ii) Packets can bypass the
intermediate routers where no contention occurs. With the
help of SMART techniques, the communication topology of
the communication pairs can be dynamically reconfigured
at runtime, and packets can fully bypass all the intermediate
routers from their sources to destinations in the best case.
Inspired by this advantage, the techniques of SMART NoCs
are widely adopted in many recent academic works [7]–[11].

Nevertheless, when packets encounter contention at in-
termediate routers, SMART only builds the single-cycle
multi-hop path from the source to the first conflicting inter-
mediate router. If the contention issue is not well addressed,
the bypass path from the source to the destination is readily
broken, thus reducing the bypassing benefits that SMART
offers. In particular, when packets frequently encounter
contention at intermediate routers (in the extreme case, at
every intermediate router), SMART performs the same as
traditional hop-by-hop traversal NoCs. No more benefits
can be acquired than the traditional counterpart in such
cases, but incurring higher control overhead to establish the
path (e.g., control link). Therefore, to fully and effectively
utilize the dynamic reconfigurability of SMART, multi-hop
bypassing must be utilized in a way such that contentions
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are minimized as much as possible. This dynamic reconfig-
urability of SMART paves the way for performance scalabil-
ity of future kilo-core (1000 cores) chips [12].

In this article, to our best knowledge, we for the first
time address the contention reduction problem for bypassing
in SMART from the perspective of the routing strategy. In
the current XY routing for SMART, in which packets are
susceptible to contention at intermediate routers, packets
will suffer blocking latency from other contending packets,
and extra router-stage latency to rebuild the remaining path.
To reduce the contentions, the contributions are as follows:

• Firstly, we identified two potentially source-
destination transmission routes for packets: direct
route that is a single-bypass path, with which packets
can reach the destination directly within a cycle,
and indirect route that is a multiple-bypass path, with
which packets can reach the destination indirectly via
the intermediate routers. Compared with the current
routing approach in SMART NoC, direct and indirect
routes greatly increase the path diversity.

• Then, we proposed a design-time routing algorith-
m to assign an appropriate route for each packet
such that the communication workloads can be well
spatially isolated and balanced. Specifically, when
conducting route allocation, we firstly try to exploit
a contention-free direct route from the source to the
destination according to the current resource state. If
a direct route is not found, we instead turn to exploit
an indirect route to eliminate blocking latency from
other contending packets, at the expense of small
router-stage latency at the intermediate routers.

• Finally, together with the consideration of real-time
network state, we presented an improved hybrid
routing algorithm that combines the advantages
of design-time and runtime strategies, which can
achieve higher communication performance due to
finely-grained isolation of the communication work-
loads in both temporal and spatial dimensions, with
the support of the resource manager [13], [14].

For the design-time and hybrid routing strategies in
SMART NoCs, which one will be adopted depends on the
traffic density, packet size, and performance requirements.
In particular, to mitigate traffic congestion, the indirect
routes allow the packets to be traversed with a non-minimal
path. Contrary to the existing intuitive approaches in tradi-
tional NoCs with hop-by-hop traversal, not the routes with
minimal distance but the indirect routes via an arbitrary
intermediate router (even if they may be non-minimal)
that avoid contentions yield the minimized communication
latency. Our routing algorithms can well set up the dynam-
ic reconfigurability of communication topology which in
turn enables high system performance. Experimental results
on realistic benchmarks show significant communication
performance improvement with the help of our routing
strategies, compared with the current routing in SMART
NoCs. To the best knowledge, this is the first work on com-
munication optimization from the perspective of routing in
the emerging well-developed SMART NoCs [5], [9], [10].

The remainder of this article is organized as follows. Sec.
2 introduces the background, and motivation example. Sec.

3 provides the communication backbone, communication
demand and problem definition. In Sec. 4, the routing
strategy aiming to achieve contention reduced bypassing
is proposed; and an improved hybrid routing strategy is
proposed in Sec. 5. While the performance evaluation is
conducted in Sec. 6. Sec. 7 finally concludes this article.

2 BACKGROUND AND MOTIVATION

2.1 End-to-end Latency in Traditional NoCs
In traditional NoCs with hop-by-hop traversal [4], packets
traverse from the source to the destination hop by hop
through on-chip routers and links. To forward packets, a
router conducts the following stages [4]: Route Computation
(RC), Virtual-channel Allocation (VA), Switch Allocation
(SA), Switch Traversal (ST), and Link Traversal (LT). Each
packet is forwarded in a pipelined manner. The RC and VA
stages are only conducted by head flit, while in the absence
of stalls, the remaining flits (i.e., body and tail flit) enter the
pipeline one cycle behind the head flit without computation.

In general, the packet latency covers the transmission
latency of the head flit from the source to the destination,
the serialization latency of the rest of the flits, and the block-
ing latency suffered from other contending packets. The
complete route of the packet transmission composes of two
PE(processing element)-to-router links and multiple router-
to-router links. For the simplicity of analysis, we can only
consider the router-to-router path since the transmission time
in PE-to-router and router-to-PE links is constant and can
be easily added. Therefore, the end-to-end latency Le2e−T

of a transmitted packet from the source router Rs to the
destination router Rd in traditional NoCs is:

Le2e−T = (tr + tw) · hsd + tw · (Ni − 1) + Lb (1)

where tr is the router-stage latency to set up the path to the
next stopping router (i.e., RC, VA); tw is the link latency
between two adjacent stopping routers; hsd refers to the
number of hops between the source router Rs and the des-
tination router Rd; Ni refers to the number of transmitting
flits of a packet; and Lb refers to the summation of blocking
latency suffered from other contending packets along the
path to destination; NoC link width is one flit. For a given
NoC platform and an analyzed packet, the parameters tr
(also there are some works [15] to reduce such parameter.),
tw, and Ni are constants. From Eq. (1), the end-to-end
latency is mainly determined by hsd and Lb.

As a result, there are mainly two ways to reduce the
end-to-end latency Le2e−T in traditional NoCs: (i) reducing
the hop count hsd; (ii) reducing the blocking latency Lb

with contention avoidance. For the first approach, contem-
porary researches (e.g., [16]) of task mapping and packet
routing almost focuses on distance minimization, such as
locality-centric task mapping and minimized-distance pack-
et routing. To fundamentally improve performance, some
architecture-based works, such as high-radix technique [17],
application-specific long-range link [18], skip-links [19] and
single-cycle multi-hop traversal NoC [5], are proposed to
effectively reduce the hop count. As for the second one, the
contention-aware task mapping approaches (e.g., [7], [20])
are proposed to reduce the number of contentions, such that
the suffered blocking latency from other contending packets
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Fig. 1: SMART router micro-architecture with bypass path.

is reduced. In this article, we combine these two methods to
co-optimize the NoC performance.

2.2 End-to-end Latency in SMART NoCs

Among the NoC architectures aiming to reduce hop coun-
t hsd between communicating source and destination, S-
MART [5] (single-cycle multi-hop asynchronous repeated
traversal) enables single-cycle long-distance communication
by dynamically building a single-bypass direct path from
the source to the destination, which in turn effectively
reduces the end-to-end latency. Unlike the above-mentioned
ones [17]–[19], SMART NoCs have advantages on area,
power, and layout complexity.

SMART is proposed by embedding the low-swing clock-
less repeated link and bypass control in traditional routers.
It mainly is based on the following two facts: (i) With the em-
bedded repeated link, the electric signal can be transmitted
multi-millimeters in a single cycle; (ii) The incoming data
can bypass the intermediate routers where no contention
occurs. To establish the bypass path, SMART adds a set of
dedicated SMART-hop Setup Request (SSR) links spanning
up to HPCmax neighbors [5] for each possible dimension-
order routing (DOR) [4] path, which are used to forward
bypass requests to downstream intermediate routers. Dis-
tinct from the conventional router, the Switch Allocation
(SA) in SMART is further split into two stages: Local Switch
Allocation (SA-L) and Global Switch Allocation (SA-G). SA-
L, which is the same as the SA stage of the conventional
router, can be achieved with different arbiters [4] (e.g., prior-
ity, round robin) according to the desired user requirements.
While SA-G is implemented with the arbiters based on hops
from source router and turns (more details are in Fig. 11 of
the original SMART [5]). The working process of SMART
consists of three steps: Step 1: Each start router performs
SA-L to choose a winner from buffered flits for each output
port; Step 2: SA-L winner broadcasts SSR request, which
carries the desired path length in hops over SSR links,
to downstream routers towards the destination to set up
bypass path, and continually each SSR recipient conducts
SA-G for competing SSRs. The bypass path is built at the
end of this step by setting the control signals (i.e., BWena,
BMsel, XBsel), as shown in Fig. 1; Step 3: The packet of the
SA-G winner traverses the established single-bypass path
with multiple hops up to HPCmax (HPCmax refers to the
maximum number of hops that can be reached per cycle).

Distinct from traditional NoCs, the hop count hsd is
eliminated if the maximum bypass hop count HPCmax [5] is
greater than or equal to 2× (N − 1) for the allocated region
with N × N in 2D-Mesh SMART NoCs. Correspondingly,
the end-to-end latency Le2e−S over SMART NoCs is:

Le2e−S = (tr + tw) · (Nc + 1) + tw · (Ni − 1) + Lb (2)

where Nc refers to the contention count along the path of the
source-destination communication pair; note that if Nc =
0, the blocking latency summation Lb = 0; in such case,
the packet completely bypasses all the intermediate routers
from the source to the destination. It can be seen from the
Eq. (2), the end-to-end latency Le2e−S in SMART is only
determined by the contention count Nc if HPCmax is large
enough. Therefore, according to Eq. (2), the performance is
mainly dependent on the contention parameter Nc.

Despite the benefits brought by SMART NoCs, due to
the large control overhead and throughput loss in some
cases, some improved works (e.g., [7], [9], [10], [21]–[23])
are proposed to upgrade the performance of SMART. In
addition, in light of this communication advantage of S-
MART techniques, many studies (e.g., [8], [24], [25]) employ
SMART design as the communication fabric of multi/many-
core systems. However, there are few studies to optimize
the SMART communication performance with the consider-
ation of contention reduction (i.e., Nc).

2.3 Motivation Example

As mentioned in previous sections, SMART NoCs show
great communication advantages by building a single-cycle
multi-hop bypass path; on top of that, packets can com-
pletely/partially bypass intermediate routers up to HPCmax

hops towards the destination, provided that a bypass path is
built. However, the current XY routing in SMART NoCs can-
not be applicable for communication-intensive applications
since it cannot effectively reduce the number of contentions
even under lightweight traffics (e.g., collective traffic). We
motivate the need for a flexible routing by presenting an
example with a graph shown in Fig. 2(a), to demonstrate
the benefits that our proposed flexible routing offers.

As shown in Fig. 2(a), the communication requirement is
represented as a communication graph, where the number
between source and destination refers to the packet size
in flits. There are 4 pairs transmitting in 2D-Mesh SMART
(HPCmax = 6, a flit can maximally bypass 6 hops per cycle),
⟨s1, d⟩, ⟨s2, d⟩, ⟨s3, d⟩, and ⟨s4, d⟩. The source and destina-
tion tasks are mapped like in Fig. 2(b) and Fig. 2(d), where
the thick black links are occupied by other packets. Here, we
only consider the transmission time of router-to-router path,
such as the data path R15 → R14 → R10 of ⟨s4, d⟩ in Fig.
2(b). Assume all of the packets are released simultaneously
starting from the Time 0, the non-preemptive distance and di-
rection based local policy∗ [5] is employed when contention
occurs at intermediate routers, and the NoC link width is
equal to one flit size. The transmission timelines under the
XY routing [4] (firstly route in the dimension X, then route

∗. Under the local priority policy, the nearest SSR to the curren-
t router wins the arbitration; and direction-based arbitration (i.e.,
straight > left-turn > right-turn) is adopted for equal-distance SSRs.
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Fig. 2: A running example when using XY routing and our proposed flexible routing in SMART NoCs (HPCmax = 6).

in the dimension Y) and our proposed flexible routing are
shown in Fig. 2(c) and Fig. 2(e), respectively.

We observe that from the running examples for the same
communication pairs, the communication performance of
our proposed flexible routing is remarkably better than that
of the XY routing. As shown in Fig. 2(c), when using XY
routing, the schedule length of the given packets is 7 time
units and the total communication latency is 18 time units;
while for our proposed flexible routing, the schedule length
is 4 time units, and the total communication latency is 13
time units. More specifically, for ⟨s1, d⟩, its packet is blocked
by other packets for 2 time units when using XY routing
due to contention at link R4 → R5, while the packet of
⟨s1, d⟩ reaches the destination R10 directly by alternatively
choosing the YX routing, thereby eliminating the contention
and bypassing the intermediate routers R8 and R9 in Fig.
2(d). Thus, the transmission completion of ⟨s1, d⟩ in Fig. 2(e)
is finished earlier than that of XY routing of Fig. 2(c) due
to contention avoidance. For ⟨s2, d⟩ under XY routing, it
encounters two contentions and buffered at routers R2 and
R6. In this case, it suffers not only the blocking latency from
other contending packets but also the router-stage latency
to rebuild the remaining path at the conflicting routers (i.e.,
R2, R6). Instead, since the links R4 → R5 and R2 → R6

have been occupied, our approach resorts to a contention-
free double-bypass data path via the intermediate router R5,
and then the 2 router-stage latencies and blocking latency of
original conflicting route are eliminated, at the cost of only
one router-stage latency at R5 to rebuild the second half of
the path. As a result, the latency of ⟨s2, d⟩ is reduced from 7
to 4 time units. Similarly, the potential contention between
⟨s3, d⟩, and ⟨s4, d⟩ is avoided through route isolation.

Through the motivation example in Fig. 2, the obser-
vations are twofold: (i) With another contention-free route
via intermediate routers, the potential contention can be
eliminated, which in turn eliminates the router-stage and
blocking latency at originally conflicting routers, at the
cost of only one router-stage latency at the intermediate
router. (ii) To further reduce the contention, the multiple-
bypass route can be non-minimal in distance, breaking the
minimized-distance routing tradition. That is, any router
(e.g., R12 for ⟨s2, d⟩) can be selected as the intermediate
router, without latency increasing as long as each bypass
route is within HPCmax. Also, there are some works [26]–
[31] involved routing in traditional NoCs or for other pur-
poses (e.g., multi-cast) in SMART NoCs. Inspired by these
works, on top of SMART NoCs [5], we thus propose a
routing strategy in this article to achieve contention reduced

bypassing transmission, fully utilizing the bypass path and
reducing the end-to-end latency.

3 PROBLEM DEFINITION

3.1 Communication Backbone

To guarantee low latency of communication-intensive ap-
plications, we employ the 2D-Mesh SMART NoC as the
on-chip communication backbone for multi/many-core sys-
tems. For the given communication demand at design time,
a portion of SMART is allocated, denoted by π, on which
some resources (e.g., link) may be unavailable due to as-
signment to other communication pairs that are out of the
current communication demand scope. Formally, π consists
of N×N array of tiles, where each tile includes a processing
element (PE), network interface (NI), and on-chip router.
The PEs can be homogeneous or heterogeneous (e.g., CPU,
accelerator, memory). As for the maximal bypass hop count
HPCmax, it is fixed as long as SMART is configured at
design time (i.e., set as 9 for paths with turns within a 1GHz
cycle [5]). The packet is divided into multiple fixed-size flits,
and the virtual cut-through flow control is adopted. Note
that, to avoid large control overhead, the routing path in
SMART NoCs is only allowed for at most one turn. Thus,
the dimension-order route (DOR) [4] is adopted for each
bypass phase, i.e., XY, YX. For example, a packet with the XY
route is forwarded first in the X dimension until it reaches
the same column as the destination, then forwarded in the
Y dimension to the destination.

3.2 Communication Demand Model

The communication demand of one application is formally
represented by P consisting of a set of source-destination
communication pairs, P = {p1, p2, ..., pM}. Each source-
destination communication pair (pair for short henceforth)
pi = ⟨si, di⟩ ∈ P is associated with the generated packets
from the source router si = (xs

i , y
s
i ) to the destination router

di = (xd
i , y

d
i ). Assume the communication demand P is

not enforced to set the deadline constraints. Given any two
pairs pi and pj (pi, pj ∈ P), we say pj is dependent on pi
if the packet generated by pj is strictly released after the
transmission completion of the packet from pi due to data
or control dependence. Such the dependence relationship is
denoted by pi ≺ pj . Since the contention situation only
occurs when two pairs have both temporal and spatial
overlap at runtime, the dependent pairs must be in the
absence of contentions at runtime even if they overlap in
the spatial dimension (e.g., share links). To fully utilize the
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multi-hop bypass advantage of SMART NoCs, assume the
Manhattan distance of the pairs is within HPCmax hops,
also discussed by Liu et al. [32]. The reasons are twofold.
First, the control signal SSR is only broadcasted to the
downstream routers ranging from 1 to HPCmax hops. That
is, even if a long-distance route that is more than HPCmax

is assigned, the transmitting packet will experience at least
one stop at intermediate routers. Second, the long-distance
route will lead to more potential contentions to other pairs
since the communication resources are limited.

3.3 Problem Illustration

The packet routing problem to be solved in this article is
defined as follows: We are given a SMART NoC π with
allocated array size of N × N . For a given set of source-
destination communication pairs P consisting of M pairs,
the objective is to determine a routing path for each pair
to effectively isolate and balance the potentially conflicting
pairs in order that the single-cycle multi-hop bypass path is
built as possible. With the consideration of the contention-
aware routing strategy, the dynamic reconfigurability of
communication topology can be well controlled to enable
a single-cycle long-distance transmission in SMART NoCs.

4 CONTENTION-MINIMIZED ROUTING

As stated in previous sections, the single-cycle multi-hop
bypass establishment of SMART is very susceptible to con-
tentions. To our best knowledge, in SMART NoCs, XY
routing is the currently available routing [5], since no related
routings are studied and the routing approaches in tradi-
tional NoCs are not fully applicable. Since XY routing can-
not effectively isolate conflicting pairs, the reconfigurability
of communication topology is largely limited, thus degrad-
ing SMART performance. It is a natural requirement to opti-
mize the reconfigurability from the perspective of the packet
routing design. Note that, the application performance and
reconfigurability capability are jointly determined by task
mapping, scheduling, and routing strategies. The study of
task mapping and scheduling is temporarily not considered
in this work, and we mainly focus on the routing design.

4.1 Routing Overview

For a given communication demand P on the communi-
cation infrastructure π, multiple communication pairs are
remaining to be assigned routes. In consideration of the
relative order of these communication pairs to be assigned
and the way for route selection from multiple route candi-
dates, the route allocation is split into two steps, as shown
in Alg. 1. Before the application begins execution (namely at
design time), for its unallocated pairs, we firstly select a pair
that has the least number of possible idle routes using the
function selectPair in Line 2. Then, for all the idle route
candidates of the selected pair, the route that has minimal
resource usage and minimum impact on potential routes of
unassigned pairs is chosen by the function assignRoute
in Line 3. Finally, the route allocation state is updated, and
the while loop is repeated if P ̸= ϕ.

Algorithm 1: Outline of Route Allocation
Input: A set of unallocated source-destination pairs P ;

Route allocation state Π;
Output: Route γi for each pair pi ∈ P ;

1 while (P ̸= ϕ) do
2 pi = selectPair(P,Π); // Sec. 4.2;
3 γi = assignRoute(pi,Π); // Sec. 4.3;
4 updateState(γi,Π);
5 P = P − {pi};

4.2 Communication Pair Selection

In this section, we aim to select a pair to be assigned
from P . The way to select a pair is to choose the one
that has the least number of possible routes, since other
remaining pairs with a larger number of possible routes
can tolerate more potential contentions. Thus, we firstly
search for the number of potential routes for each pair. If
the single-bypass paths through DOR routes (i.e., XY, YX)
are not available, we instead turn to find a contention-
free multiple-bypass path via intermediate routers to avoid
potential contention and eliminate blocking latency. That is,
select appropriate intermediate router(s) first, route to the
intermediate routers, and then route from the intermediate
routers to the destination. Due to only one turn permission
within each HPCmax quadrant in 2D-Mesh SMART NoCs
[5], an appropriate DOR route is employed in each bypass
phase. To facilitate analysis, for an analyzed pair pi, we
define its possible contention-free direct route and indirect
route via intermediate router(s), as follows:

(0,3) (1,3) (2,3) (3,3)

(0,2) (1,2) (2,2) (3,2)
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(1,1)
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Fig. 3: Direct and indirect routes illustration for a source-
destination communication pair from s = (0,0) to d = (2,2).

Definition 1 (Direct Route). For an analyzed pair, if its packets
are forwarded via a single bypass using a DOR route from the
source to the destination, such route is defined as a direct route,
highlighted in the light blue of Fig. 3(a).

Definition 2 (Indirect Route). For an analyzed pair, if the
corresponding packets are forwarded via multiple bypasses from
the source to the destination, in which a DOR route is employed
in each bypass phase, such route is defined as an indirect route,
highlighted in the light blue of Fig. 3(b).

Note that, the thick black links (e.g., R(1,1) → R(1,2)

in Fig. 3(a)) are assigned to other communication pairs.
Distinct from a single DOR route, the indirect route via
intermediate routers indeed increases the path diversity,
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which in turn effectively contributes benefits to contention
reduction and workload balance. To strictly decrease the
end-to-end latency for a communication pair, in the follow-
ing, we analyze how to determine the number of interme-
diate routers of an indirect route. Without loss of generality,
consider a contention-free indirect route path′ with Nimd
intermediate routers, and a conflicting direct route path.

Theorem 1. For an analyzed pair, assuming the contention-free
indirect route path′ has Nimd intermediate routers, if

1 ≤ Nimd <
⌈
tr+tw+min(Ni)

tr+tw

⌉
then, path′ strictly dominates the originally conflicting direct
route path in terms of end-to-end latency.

Proof. Based on Eq. (2), the end-to-end latency Le2e−S of the
contention-free indirect route path′ is derived as follows:

L′
e2e−S = (tr + tw) · (Nimd + 1) + tw · (Ni − 1)

Then, Le2e−S −L′
e2e−S = ((tr + tw) · Nc+ Lb)− (tr + tw) ·

Nimd. In this article, we aim to ensure Le2e−S −L′
e2e−S > 0

by eliminating the contention count Nc and blocking latency
Lb through a contention-free indirect route path′. Let Le2e−S

−L′
e2e−S = 0, and then Nλ =

⌈
(tr+tw)·Nc+Lb

tr+tw

⌉
. To avoid the

contention of the conflicting direct route, the contention-free
indirect route with Nimd intermediate routers (Nimd ≥ 1) is
selected. Let’s consider the following two cases:

• If Nimd ≥ Nλ, we have Le2e−S −L′
e2e−S < 0.

The end-to-end latency L′
e2e−S is increased when

adopting the indirect route path′ with intermediate
routers more than Nλ, due to significant router-
stage latencies (i.e., (tr + tw) · Nimd) that are higher
than the blocking latency when using the originally
conflicting direct route path.

• If Nimd < Nλ, we have Le2e−S −L′
e2e−S > 0.

The end-to-end latency is strictly decreased (i.e.,
L′
e2e−S < Le2e−S) when adopting the indirect route

with less than Nλ intermediate routers.

Since Nc ≥ 1 and Lb ≥ min(Ni) (i.e., link width = 1 flit size)
in the conflicting direct route path, Nλ ≥

⌈
tr+tw+min(Ni)

tr+tw

⌉
.

Therefore, regarding the end-to-end latency for an ana-
lyzed pair, the contention-free indirect route path′ strictly
dominates the conflicting direct route path if 1 ≤ Nimd <

min(Nλ) =
⌈
tr+tw+min(Ni)

tr+tw

⌉
. The theorem is proved.

Following Theorem 1, the number of intermediate
routers Nimd is not the more the better, but Nimd < min(Nλ)
that can guarantee strictly latency reduction. Thus, Nimd <⌈
tr+tw+min(Ni)

tr+tw

⌉
to guarantee strictly latency reduction,

where the maximum Nimd is mainly determined by the min-
imal packet size min(Ni) and router-stage latency tr + tw.
The actual number of intermediate routers of a contention-
free indirect route should be selected in [1,

⌈
tr+tw+min(Ni)

tr+tw

⌉
).

In this article, for the simplicity of analysis, we only
consider the indirect routes with one intermediate router
(i.e., Nimd = 1), and this method can be easily extended to
the indirect routes with multiple intermediate routers. To
ensure a flit can finish transmission within one cycle in each
bypass phase, the Manhattan distance of each bypass phase

is within HPCmax. In the process of indirect route search, if
we choose the source or destination itself as the intermediate
router, the derived indirect route is essentially a direct route.
To obtain the number of possible idle routes according to
the current route allocation state, we search for the possible
routes by choosing all of the routers in the allocated region
as the intermediate router in turn, where the destination
can be reached with the same latency through any double-
bypass indirect route.

More specifically, in Line 3 of Alg. 2, the function
getDirectRoute returns the direct routes by choosing
the source or destination router as the intermediate router;
while the function getIndirectRoute returns the indi-
rect routes by choosing other routers as the intermediate
router. Given current pair pi and an assigned pair pj ,
assume pi ≺ pj or pj ≺ pi, meaning that pi and pj
would not be temporally overlapped. Thus, when con-
sidering the possible routes of pi via getDirectRoute
and getIndirectRoute, the assigned route to pj can be
regarded as available resources, since packet release of pi
is strictly after or before the transmission completion of the
packet from pj . Then, summarize all the distinct routes as
the contention-free route candidate set Si for each pair pi in
Line 3. Finally, we select a pair that has the least number of
possible routes to be assigned route in Line 7-9, since other
remaining unassigned pairs that have a larger number of
possible routes can tolerate more potential contentions. No-
tice that, when “|Si| = 0” in Line 4-6, meaning that it cannot
find a spatially contention-free direct or indirect route, pi
is inserted into the set of unassigned communication pairs
Sunassigned and removed from the original pair set P .

Algorithm 2: selectPair(P,Π)
Input: Unallocated pair set P ; Allocation state Π;
Output: A selected pair pi to assign route;

1 minRoute = INF, minPair = null;
2 for (pi ∈ P) do
3 Si = getDirectRoute(pi,Π) ∪ getIndirectRoute(pi,Π);
4 if (|Si| == 0) then
5 Sunassigned = Sunassigned ∪ {pi};
6 P = P − {pi};

7 else if (|Si| > 0 and |Si| < minRoute) then
8 minRoute = |Si|;
9 minPair = pi;

10 Return minPair;

4.3 Route Allocation for Selected Pair

We start by observing that, for the selected pair of Sec.
4.2, there are multiple route candidates. In this section, we
aim to assign an optimal route from these route candidates.
To find such a route, there are two influence factors to be
considered when making the decision. Firstly, since com-
munication resources (e.g., router, link) are limited, a long-
distance route holding more communication resources will
consume more energy and cause more potential contentions
on unassigned pairs. Thus, the distance of the desired route
should be as short as possible. Secondly, if there are multiple
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route candidates with the same distance, the impact of the
desired route, which would cause to potential direct routes
of unassigned pairs, should be also minimized. For the
selected pair pi, depending on whether the two types of
route sets (i.e., direct route set SD

i , indirect route set SI
i ) are

empty or not, the proposed route selection is divided into
three cases to deal with in Alg. 3.

Algorithm 3: assignRoute(pi,Π)
Input: The selected pair pi; Allocation state Π for the

N ×N 2D-Mesh SMART region;
Output: Route γi for the selected pair pi;

1 γi = null,minFactor = 0, impactFactor = 0;
2 //Case 1: contention-free direct route exists;
3 SD

i = getDirectRoute(pi,Π);
4 if (SD

i is nonempty) then
5 γi = minImpactPath(SD

i );

6 //Case 2: contention-free indirect route exists;
7 D = ManD(Rs, Rd);//Manhattan distance;
8 while (Simd = {Ri|ManD(Rs, Ri) + ManD(Ri, Rd) = D, 0 ≤
Ri.x < N , 0 ≤ Ri.y < N}, D+=2) do

9 SI
i = getIndirectRoute(pi, Simd,Π);

10 if (SI
i is nonempty) then

11 for (pathα ∈ SI
i ) do

12 for (pβ ∈ Sunassigned) do
13 SD

j = getDirectRoute(pβ ,Π);
14 for (pathβ ∈ SD

j ) do
15 if (pathα ∩ pathβ ̸= ϕ) then
16 impactFactor++; break;

17 if (impactFactor == 0) then
18 minFactor = 0;

19 if (impactFactor < minFactor) then
20 minFactor = impactFactor; γi = pathα;

21 impactFactor = 0;

22 //Case 3: both direct and indirect route sets are empty;
23 if (γi==null) then
24 γi = rand()%2 == 0 ? XY : Y X ;

25 Return γi;

Case 1: Direct route set SD
i is nonempty. For the selected

pair pi, we firstly derive the direct route set SD
i by using the

function getDirectRoute in Line 3. There are at most two
contention-free direct DOR routes (i.e., XY, YX route). The
route that causes less impact to unassigned pairs is selected
if both direct routes exist in Line 5, where the impact is
estimated using the method of Case 2.

Case 2: Indirect route set SI
i is nonempty. In this case, since

direct routes are occupied by the assigned pairs, we thus
turn to find an optimal indirect route for the selected pair.
The principle behind indirect route selection is to minimize
resource usage and impacts caused to available direct routes
of unassigned pairs. As an example, the source-destination
pair from s = (1,1) to d = (2,3) in Fig. 4 illustrates how to se-
lect intermediate router. The candidates of the intermediate
router are classified as multiple layers (e.g., L0, L1) based on
Manhattan distance. For example in Fig. 4(b), the Manhattan
distance of the indirect routes via the intermediate routers
with green color in Layer 1 is 5. The indirect route via
these intermediate routers belonging to L0 has a minimum
distance from the source to the destination, and its distance
is added by 2 via the intermediate routers in the adjacent

outer layer. To reduce energy consumption and potential
contention with unassigned pairs, the indirect route via
intermediate routers of the innermost layer is chosen first,
since the minimal route occupies minimal resources. If not
found in the inner layer, the intermediate router candidates
of the adjacent outer layer would be checked.

For each of the indirect route candidates of each layer,
to estimate the impact caused to unassigned pairs, two
variables are defined in Line 1: minFactor recording the mini-
mum impact of route candidates, and impactFactor recording
the impact of the current candidate. The variable D in Line 7
is initialized as the Manhattan distance between the source
and the destination. Define Simd as the set of intermediate
routers that pi transfers towards the destination. For the
intermediate router set Simd of each layer, all of the possible
indirect routes via Ri ∈ Simd are collected into SI

i according
to the current allocation state in Line 9. To choose the
route that minimizes the impacts caused to available DOR
routes (derived by getDirectRoute) of unassigned pairs,
the impact of each pathi in SI

i is estimated from Line 11
to 16. Then, if pathi shares links with any of DOR route
of pj ∈ P\pi, the variable impactFactor will be added by
1. This is because, when the available direct routes of pj
are assigned in advance, the packets generated by pj may
turn to find indirect routes via an intermediate router, thus
leading to extra router-stage latency. But for pi, picking any
of the indirect route of SI

i up can be acceptable, due to the
same distance of these indirect routes. Thus, an existing
indirect route with minimum impact is selected via an
intermediate router of the inner layer. However, there is a
chance that indirect routes are not found via an intermediate
router of the inner layer. The function assignRoute in turn
tries to find an alternative indirect route from the adjacent
outer layer, without performance degradation of any found
indirect route. We can finally find the optimal route (from
SI
i ) that has minimum distance and meanwhile minimizes

the impact caused to these unallocated pairs in P\pi.
Case 3: Direct and indirect route sets are empty. When

increasing the workloads, the indirect route still may not
be found. In such a case, to isolate and balance the commu-
nication workloads, a DOR route is randomly returned in
Line 24, and the packets generated by pi ∈ Sunassigned will
transmit as far as they can towards the destination.

4.4 Complexity and Implementation Consideration

By combining Alg. 1 - 3, the total time complexity is
O(M2N 2), where M is the number of pairs and N × N
is the mesh size of the allocated NoC region. Thus, our
proposed algorithm can be solved within polynomial time.
Based on the given pairs and allocated NoC, the route calcu-
lation can be conducted by the resource manager [13], [14] at
design time, and the time overhead of the route calculation
algorithm can be acceptable. After calculation, the routing
information can be implemented using lookup tables within
each router along the assigned route, and is delivered to
them via dedicated control links before it demands. The
start router of the pair broadcasts SSR requests toward the
right output port to establish a bypass path at runtime.
The deadlock-free transmission is guaranteed by additional
efforts, e.g., the VCs are classified into 2 classes, VC0 for XY
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（a）Innermost Layer 0, D = 3 （b）Layer 1, D = 5 （c）Layer 2, D = 7 （d）Layer 3, D = 9
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Fig. 4: Illustration of intermediate router selection for the communication pair from s = (1,1) to d = (2,3).

and VC1 for the YX path. In the case of mixed paths (e.g.,
XY+YX path), two dedicated VCs in an input buffer are
reserved for turn switch at intermediate stop routers, e.g.,
VC′

0 for the XY+YX and VC′
1 for the YX+XY path. To achieve

this goal without increasing the input buffer size, we can use
the variable number of VCs for each VC class and each VC
queue can be variable-length according to traffics. Also, the
livelock cannot occur since packets always make progress
toward their destinations in our routing approach. Our
routing is feasible for SMART, and can be also applicable
for evolved SMART NoCs (e.g., [9], [10], [21]).

5 IMPROVED ROUTING STRATEGY

The previously design-time routing strategy can effectively
isolate and balance the communication workloads in the
case of light congestion, but would become challenging
in the case of heavier congestion. In this section, we will
improve the above design-time routing algorithm with the
consideration of the real-time network state and additional-
ly generated traffics not considered at design time.

5.1 Observations
The previously routing strategy of Sec. 4 aims to heuristical-
ly search for the routes at design time before the application
starts execution, without the support of the resource man-
ager [13], [14]. It indeed can effectively isolate and balance
the potentially conflicting communication pairs in the case
of light congestion. However, take a panoramic view of the
real runtime situations in SMART NoCs, there are twofold
existing problems, shown as follows.

Firstly, although the calculation time of the previously
design-time routing algorithm can be acceptable since it
can be done before the application starts execution, it does
not consider the real-time network state. Specifically, the
contention between any two communication pairs occurs
only when they overlap in both the temporal and spatial
dimensions. Even if some communication pairs overlap
in the spatial dimension, they may not actually contend
in the temporal dimension, leading to non-optimal route
allocation. Hence, in the case of heavy congestion, most
of the pairs cannot find the spatially contention-free routes
(i.e., Case 3 in Alg. 3), and the previously design-time routing
strategy cannot produce the desired results.

Secondly, the previously design-time routing strategy is
conducted based on those communication pairs that are

known beforehand at design time (e.g., ASIC applications),
in which the application range is largely limited. Specifically,
for the applications with conditional structures (e.g., if-then-
else statement), some communication pairs only could be
determined and generated at runtime, which is not consid-
ered before. On accounting of the real-time network state
and runtime additionally generated communication pairs,
an improved hybrid routing strategy needs to be proposed,
which consists of two parts: design-time route candidates
selection and runtime management.

5.2 Route Candidates Selection

According to the real-time network state, the pure runtime
routing schemes can intuitively achieve better results, but
the control overhead of runtime calculation time of the
routing algorithm introduces new challenges. If this con-
trol overhead is not well addressed, the latency reduction
benefits from the flexible routing might be less than the
latency penalty of the control overhead. In light of this
observation, we propose a hybrid routing by combining the
advantages of the design-time and runtime methods while
discarding their drawbacks to derive an appropriate route.
By revisiting Case 3 of Alg. 3, even if a communication
pair pi ∈ Sunassigned cannot find the spatially contention-
free routes, there is a chance that the contention could be
avoided in the temporal dimension at runtime. Thus, for
these unassigned pairs Sunassigned, we instead offer a set of
route candidates for them, while an appropriate route will
be chosen among them at runtime. With the objective of
offering a set of route candidates, there could be different
possible strategies. To be specific, we address it with Alg. 4.
Notice that the number of route candidates can be regulated
according to the actual considerations.

The rationale behind this algorithm is as follows: for
the analyzed pair pi, δ route candidates, which have less
number of spatial contentions with the assigned pairs of
Case 1 and 2 in Alg. 3, are selected from the indirect route
set SI

i . Therefore, by choosing a route from these candidates,
pi has a lower probability to contend with other pairs at
runtime, compared with the remaining possible routes in
SI
i . Specifically, at first, all of the direct and indirect routes

are derived using the functions getDirectRoute and
getIndirectRoute in Line 1, without the consideration of
previous allocation state. The elements of array count, which
records the number of spatial contentions with the assigned
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Algorithm 4: offerRCandidates(pi,Π)
Input: An unassigned pair pi of Case 3 in Alg. 3;

Allocation state Π for the NoC;
Output: Route candidates for pi;

1 SD
i = getDirectRoute(pi);SI

i = getIndirectRoute(pi);
2 Init(count, |SI

i |, 0); // initialize the count elements with 0;
3 for (pathα ∈ SI

i ) do
4 for (ℓ = 0; ℓ < |pathα|; ℓ++) do
5 if (linkℓ is assigned) then
6 count[α]++;

7 Γi = getCandidates(δ, SI
i , count);

8 Return Γi ∪ SD
i ;

pairs, are initialized as 0 in Line 2. Then, for each route pathα
in SI

i , the element count[α] is increased by 1 whenever its
linkℓ is assigned to other pairs. Finally, we return the first
δ route candidates from SI

i sorted by count in ascending
order, together with the direct routes SD

i . Therefore, the
improved hybrid routing strategy is derived by replacing
Case 3 of Alg. 3 with Alg. 4. By combining the Alg. 1 -
4, the total time complexity of the hybrid routing strategy
is O(M2N 2 + MN 3), which also can be solved within
polynomial time at design time.

5.3 Runtime Management
The proposed hybrid routing approach in SMART NoC-
s [10], [21] requires the centralized management on the
global information (e.g., resource occupation state, inter-
processor communication requests). This routing approach
can be integrated into the resource manager [13], [14] of
the Operating System (e.g., conduct task mapping, dynamic
voltage, and frequency scaling). When achieving the run-
time route allocation, the control latency consists of four
parts, including 1⃝ The time of request control packet from
the start router to its resource manager, 2⃝ Route candidates
checking time, 3⃝ Response time from the resource manager
to the start/intermediate router, and 4⃝ SSR transmission
time to establish the multi-hop bypass path. Therefore, the
control latency needs to be eliminated/hidden to ensure
the strict latency reduction benefits from the hybrid routing
strategy; otherwise, this control latency could defeat the
latency benefits from the contention reduction.

To this end, for the route candidates of a pair, we proac-
tively check the route state according to the current resource
occupation state and assign/reserve an idle one before they
demand. Based on the design-time task-to-core mapping
information determined by a task mapping algorithm (e.g.,
[7]), the inter-core communication requirements are known
beforehand. The request control packet, which has multiple
bits and carries the pair information (e.g., destination ad-
dress), can be sent to the manager before the corresponding
data packet is generated. Thus, to hide the control latency,
we observe that such proactive check operation can be
conducted during a frequent time interval, in which the
source (e.g., CPU, accelerator) of the communication pair
is conducting computation, and the route information can
be allocated to the requesting pair ahead of time.

Fig. 5 demonstrates the establishment of an indirect
route from the source to the destination via an intermediate

1 request 3

2

55

44

response

route candidates check

datadata

SSR
2

SSR
1

src dstimd

Data phase

Control phaseResource Manager

Fig. 5: Indirect route establishment (from the source src to
the destination dst via the intermediate router imd).

router in SMART NoCs, which consists of the control phase
1⃝- 4⃝ and data phase 5⃝. While the establishment of the

direct routes is similar to that of the indirect routes, in
addition to a stop at the intermediate router.

1⃝ Request. Before a packet starts actual transmission, the
source router of the packet will send the resource manager
a request control packet to obtain the route information.

2⃝ Route Candidates Check. For each requesting pair, the
resource manager selects an available route from candidates.
The route candidates are pre-checked in turn from the
direct routes (e.g., XY) to indirect routes according to the
resource occupation state. Specifically, the link-state infor-
mation can be indexed by the link ID, where “1” represents
the busy link, while “0” for the idle one. The availability
of the route candidate is known by checking all the links
of the route candidate. The current route candidates and
resource occupation state can be stored in on-chip memories
(e.g., private/shared cache) of the resource manager. Once
a certain route is assigned to a communication pair, the
resource occupation state is updated instantaneously. Mul-
tiple requests can be conducted in parallel in the resource
manager with multiple threads. Note that, to explore higher
communication capability, this step also could be extended
to a heuristic-based algorithm (e.g., [33]) with ultralow time
complexity for the data transmission with large volume.

3⃝ Response. The derived route information is delivered
to all the routers along the assigned route. Similar to the
design-time routing strategy, the routing information can be
implemented using lookup tables. For the dynamic pair at
runtime, the XY route is assigned by default. If the work-
loads are highly dynamic, it needs further investigation on
top of our approaches to achieve higher communication
performance, such as developing a fully runtime imple-
mentation, which is within the scope of our future work.
However, there is a chance that all the route candidates are
not available in the case of extremely heavy congestion. A
DOR route is randomly generated to the current pair, in
which the priority-based scheduling approach (e.g., distance
and direction based policy [5], first-come-first-serve policy)
is employed when encountering contention at intermediate
routers during running time. Once the requested communi-
cation resources are available again, the start router of the
blocked data will broadcast the SSR toward the right output
port by checking the source router ID at the lookup table.

4⃝ SSR Broadcast. After obtaining the route information,
the source and intermediate routers send control packets in
parallel to the downstream routers to build the fully multi-
hop bypass path. Specifically, SSR1 is to establish the first
half of the path, while SSR2 for the second half of the path.
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5⃝ Data Transmission. Instead of a stop at the interme-
diate router of an indirect route in the design-time routing
approach, a flit in the hybrid routing approach traverses
over the established path towards the destination directly
within a cycle, if the distance of the full route is within
HPCmax. When the data transmission finishes, the resource
manager is notified of the resource idle state immediately
through dedicated control links, and the network state is
updated instantaneously. This update operation of resource
occupation state can be conducted concurrently with the
requests processing from communication pairs, and thus
cannot delay the requests processing and route information
delivery to the source/intermediate routers of pairs.

5.4 Implementation Consideration
For the design-time and hybrid routing strategies in SMART
NoCs, which one will be adopted depends on the traffic den-
sity, packet size, and performance requirements. Specifically,
for light traffic situations, the design-time strategy can be
adopted to isolate the traffics. While for the high saturated
traffic situations or large-size messages (e.g., the red AIR
numbers in Fig. 6), the design-time strategy performs poorly
but the hybrid one can be adopted with the help of the
centralized resource manager. In this work, we mainly focus
on the strategic design of the routing approach, and do not
limit the implementation in software or hardware. Regard-
ing the scalability problem of centralized management, one
general solution is the distributed cluster-based manage-
ment approach (e.g., [14], [34]). Specifically, SMART NoCs
can be split into multiple cluster networks, in which the
cluster size is user-defined. The global hardware overhead
is limited to the cluster level, instead of the whole on-chip
network, and thus the distributed cluster-based NoC can
be extended to a larger-size network. On accounting of the
contention minimization from the perspective of routing
design, the communication topology can be well reconfig-
ured at runtime and the long-range bypass path is built
as possible. Thus, the communication performance of the
(evolved) SMART NoCs can be correspondingly improved.

6 EXPERIMENTAL EVALUATION

In this section, we conduct a set of experiments to quan-
titatively evaluate the communication performance of our
proposed routing strategies in SMART NoCs, compared
with the current approaches. We conduct the experiments by
using a set of realistic benchmarks and derive their commu-
nication performance and energy consumption respectively.

6.1 Experimental Settings
We conduct experiments on N × N (= 4, 8, 16) Alpha
21264 array cores in 22-nm technique as the experimental
infrastructure and build the realistic infrastructure by gem5
[35], on which the StreamIt benchmarks [36] are adopt-
ed, including Autocor, Audiobeam, FMRadio and H264. The
employed benchmarks are broadly representative of the
real-world applications, as they have different orders of
magnitude in workloads and cover audio processing, video
processing, scientific processing, etc. Gem5 is a widely-
used open-source computer architecture simulator, which

provides a cycle-accurate timing model as well as full-
system simulation. In gem5, a large number of models are
implemented, such as CPU models (e.g., in-order designs),
on-chip interconnection, a detailed DRAM model, coherent
caches, etc. Thus, on top of the gem5, the task mapping,
scheduling and routing behaviors of benchmark applica-
tions can be precisely simulated as realistic systems.

The application performance (e.g., application running
time) of a running application is jointly determined by the
task mapping, scheduling, and routing schemes. To be spe-
cific, in the simulator, we model the task mapping with the
state-of-the-art method in [7], first-come-first-serve (FCFS)
scheduling as well as our proposed routing strategies, and
record the communication performance of each experiment.
To ensure a fair comparison, the task mapping and schedul-
ing schemes are the same and fixed under different routing
strategies. Assume the maximum hop count HPCmax = 9
within a 1GHz cycle for SMART NoCs [5]. The width of the
NoC data links is one flit size, and the transmission latency
(i.e., tw) of a flit between two adjacent stopping routers is
one cycle. For the hybrid routing, the maximal number of
indirect route candidates δ is set as 3 in the experiments,
such that the route candidates checking time is not large.

To facilitate quantitative comparison, the proposed rout-
ing approaches and baselines are summarized as follows:

• S-XY. The XY routing in SMART NoCs, to our best
knowledge, which is the current routing approach,
since no related routings are studied in SMART NoCs
[5] and the routing approaches in traditional NoCs
are not fully applicable to SMART NoCs.

• S-DCM. Our proposed basic design-time contention
minimized routing in SMART NoCs.

• S-HCM. The improved hybrid contention minimized
routing in SMART NoCs, which combines the advan-
tages of design-time and runtime routing methods.

To reflect the communication performance variation
with the traffic injection rate, the StreamIt benchmarks are
mapped on the SMART NoCs with the application injection
rate (AIR) [32], which is generated by the negative exponen-
tial distribution [37]. A larger AIR will contribute to a higher
packet injection rate, heavier traffic congestion, more packet
contention, and a larger number of communication pairs. To
illustrate the effectiveness of the proposed routing strategies
in the case of heavy congestion, we set a high AIR (shown
in red AIR value in the figures) in the experiments.

6.2 Comparison of Communication Performance

In this section, we first conduct the experiments on StreamIt
benchmarks to validate the communication performance of
the proposed design-time and hybrid routing strategies, i.e.,
S-DCM and S-HCM, in communication latency, application
runtime, and throughput. The communication latency is
derived by summarizing the latency of all the packets
during the runtime of an application; the application run-
time refers to the total length of the execution time for a
running application; and the network throughput denotes
the number of received flits per cycle in the network. The
benchmark applications are mapped on 8× 8 mesh SMART
NoCs with the variation of application injection rate. The
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(a) Communication latency of the benchmark applications

(b) Application runtime of the benchmarks

(c) Network throughput of the SMART NoC
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Fig. 6: Experimental results comparison in terms of communication latency, application runtime and throughput of realistic
StreamIt benchmarks under different routing strategies in SMART NoCs.

communication performance is compared under different
routing strategies and parameter settings.

As the experimental results are shown in Fig. 6, because
of the contention reduction with direct/indirect routes, the
communication performance of our proposed routing s-
trategies (S-DCM and S-HCM) in terms of communication
latency, application runtime, and network throughput are
dramatically improved, compared with the baseline S-XY
in SMART NoCs. Specifically, in the total collected data
traces, the proposed S-DCM and S-HCM illustrate an aver-
age of 16.13 and 35.48 percent reduction in communication
latency, an average of 14.66 and 28.31 percent reduction
in application runtime, and an average of 16.09 and 37.59
percent improvement in throughput, respectively, compared
with the baseline S-XY in SMART NoCs.

With the increase of the application injection rate, shown
in Fig. 6, the communication latency and application run-
time are expectedly increased due to the more contention
encounters, while the throughput is increased due to the
more injected traffics. We can observe that the results are
consistent in different degrees of traffic congestion, showing
the good scalability of our approach. In particular, in the
case of heavy congestion (i.e., the red AIR value in Fig.
6), the improvements in terms of communication perfor-
mance are most apparent when using our proposed routing
strategies S-DCM and S-HCM in most cases. This is because,

our routing strategies always select a contention-free direc-
t/indirect route according to real-time network state/route
allocation state as possible, such that the communication
performance is largely improved by the maximal utilization
of long-distance bypass transmission.

Although S-DCM and S-HCM both consider flexibly
select a contention-free route with reduced contention, they
are remarkably different in routing performance. Specifi-
cally, S-HCM is averagely 23.08, 15.99 and 18.52 percent
better than S-DCM in terms of communication latency,
application runtime and throughput, respectively, in Fig.
6. This is because, S-DCM avoids the contention at design
time only in the spatial dimension. While S-HCM provides
several direct/indirect route candidates that are derived at
design time, such that there are more chances of finding
a contention-free route from these candidates at runtime
according to real-time network state. Therefore, the commu-
nication pairs can be isolated and balanced in a more fine-
grained manner from the perspective of both spatial and
temporal dimensions. Note that, since we have considered
realistic benchmark applications, the performance improve-
ments can be slightly different due to the different task map-
ping and scheduling schemes. But the relative performance
improvement when using such benchmark applications can
be correctly reflected to some extent.

Then, we conducted another two sets of experiments to
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Fig. 7: Comparison of communication latency in different mesh size on StreamIt benchmark applications.
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Fig. 8: Comparison of communication latency in different HPCmax(≤ 9) on StreamIt benchmark applications.

evaluate the scalability of the routing strategies in terms of
different mesh size and HPCmax parameter, in which we
recorded the communication latency of a set of StreamIt
benchmark applications. Fig. 7 demonstrates the results of
normalized communication latency are consistent in differ-
ent mesh sizes, showing the scalability of our proposed
routing strategies. This is because, in different mesh size,
the design-time routing S-DCM has well isolated and bal-
anced the communication pairs, such that it can achieve
the higher communication efficiency than the baseline S-XY
in SMART NoCs; while the hybrid routing S-HCM further
improves the communication efficiency, since it additionally
considers the real-time network state, which in turn fur-
ther achieves workload balance and contention avoidance.
Due to the random distribution of some successor tasks in
task-to-core mapping [7] in different mesh size, the per-
formance of the same routing strategy may not be strictly
decreased/increased with the increase of mesh size, since
the communication performance is jointly determined by
the task mapping, scheduling, and routing schemes.

Fig. 8 illustrates the results in terms of normalized
communication latency are better than the baseline S-XY
in different HPCmax parameter, also showing the scalability
of our proposed routing strategies. With the increasing of
HPCmax, by and large, the communication latency is re-
duced due to more utilized bypass paths except for some
HPCmax intervals (e.g., from 3 to 5) where the latency
almost remains unchanged. The reason is that the effective
number of hops of a communication pair remains the same
during a HPCmax range, thus the latency cannot be reduced
apparently. In particular, S-HCM has very close performance
with S-DCM in Autocor and FMRadio, since the contention
issue of these two benchmarks is not serious in the experi-
ments and there is less room to avoid the contention in the
temporal dimension to improve the performance. While S-
HCM performs apparently better than S-DCM for Audiobeam
and H264, since the congested traffics are further isolated

and balanced in the temporal dimension.

6.3 Comparison of Energy Consumption
In this section, we record and illustrate the energy con-
sumption of each benchmark application in the experiments.
For an application running in NoCs, we generally consider
the systematic energy consumption as the total energy con-
sumption E of each run including task execution Eexe and
data communication Ecom. Specifically, E = Eexe + Ecom, and

Eexe = P · t,

Ecom =
∑

pi∈P {[(hi + 1) · Erouter + hi · Errl + 2 · Ercl] · Ni

+(hi + 1) · Ecu}.

Where P (i.e., P = CV 2f , where V/f is the volt-
age/frequency level; C is the capacitance) refers to the per-
core power of task execution, which is a constant parameter
and derived by the power model McPAT [38]; and t is the
total task execution time of each application on processors.
hi is the number of transmitted hops from the source to
the destination of the packet pi. Erouter is the energy con-
sumption of a single bit crossing a router, and Erouter =
Exbar + buff×Ebuff. Averagely, Exbar = 0.108 pJ/bit, buff = 8,
Ebuff = 0.0078 pJ/bit. Errl and Ercl denote the energy
consumption of a single bit transmitted through the router-
to-router link (rrl) and router-to-core link (rcl), respectively,
where Errl = 0.031 pJ/bit and Ercl = 0.008 pJ/bit. Ni

is assumed the packet size in bits, where Ni = 128 bit
[5]. And Ecu denotes the control overhead to make an
arbitration for each packet, where Ecu = 0.917 pJ/bit. These
energy constants are derived by hardware synthesis with a
circuit simulator Hspice in 22-nm library [39]. According to
the above two formulas, for a specific packet, the energy
consumption is increased with the distance increase of the
source-destination communication pair.

For the application footprints in Sec. 6.2, the experimen-
tal results in Fig. 9 and Fig. 10 demonstrate the ratio of the
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Fig. 9: The ratio of direct/indirect routes derived by different routing strategies in SMART NoC.
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Fig. 10: Results comparison of systematic energy consumption of StreamIt benchmarks in SMART NoC.

derived route types and the systematic energy consumption
in different routing strategies, respectively. The systematic
energy consumption consists of energy consumption from
task execution and communication transmission. Once the
core parameters are configured (e.g., frequency of the cores),
the task execution time is the same and the energy con-
sumption from task execution also remains the same. Thus,
systematic energy consumption is mainly determined by
communication transmission. From the experimental results
in Fig. 9, to fully avoid the communication contentions,
our routing strategies S-DCM and S-HCM averagely employ
15.60 and 31.12 percent indirect routes in the total derived
routes. Thus, as shown in Fig. 10, S-DCM and S-HCM
averagely consume 14.3 and 22.05 percent more energy
than the baseline S-XY, respectively, due to the adoption
of indirect routes. Note that, in the case of heavy congestion
(e.g., red AIR values), S-HCM still cannot find a contention-
free route for some communication pairs, and a DOR route
with minimal distance is assigned by default. Besides, the
distance of some indirect routes via the inner intermediate
routers (e.g., R(2,2) in Fig. 4) is also minimal. Thus, the
energy consumption of the same routing strategy is not
strictly decreased/increased with the increase of AIR.

6.4 Overhead Analysis

In this subsection, we will discuss three kinds of the over-
head of the proposed routing strategy in SMART NoCs:
energy, hardware/area, and control time overhead.

Energy overhead. According to the equations of the en-
ergy consumption in Sec. 6.3, the communication energy
consumption is proportional to the number of transmitted
hops hi from the source to the destination of packet pi.
Experimental results show the hybrid routing strategy S-
HCM can improve the communication efficiency up to 37.59
percent with 22.05 percent additional energy consumption,
compared with the baseline routing approach S-XY in S-
MART NoCs. In the above experiments, we did not limit

the Manhattan distance of the indirect routes, and thus ad-
ditional techniques can mitigate the route energy consump-
tion of the indirect routes according to actual requirements,
such as slightly limiting the Manhattan distance of the non-
minimal indirect routes during path selection.

Hardware/area overhead. Due to the need for task mapping
[32] and chip thermal distribution [40], NoCs are necessarily
equipped with the resource manager [13], [14] to achieve
the cluster-level global management in communication ef-
ficiency and chip thermal reliability in the dark silicon
era. The hardware/area overhead of control links (e.g., for-
warding control signals) and network information storage
(e.g., resource occupation state, processor temperature) is
a necessary part in distributed cluster-based management
[14], [34], in which the existing hardware resources can
be shared. Regarding the storage of network information
and allocated routes, like the task-to-core information, they
can be partly/fully stored in on-chip memories (e.g., pri-
vate/shared cache) of the resource manager. For example,
one bit can represent the state of a link. For an N×N cluster
NoC, the required storage space of the 4N (N − 1) links is
4N (N − 1) bits. In consideration of the HPCmax limitation
[5] and NoC scalability [34] in SMART NoCs, generally the
cluster size N ≤ 8. As shown in [5], each core of SMART
NoCs has 32KB private L1 cache and 1MB private/shared
L2 cache. This additional storage space is acceptable when
equipped with the KB- and MB-level cache.

Control time overhead. Compared with the originally
distributed routing (i.e., without the support from the re-
source manager) in SMART NoCs [5], the control timing
overhead is the control latency (i.e., the steps 1⃝- 3⃝ in Sec.
5.3) to obtain an available route. The control latency can be
fully hidden in a frequent time interval, as stated in Sec.
5.3, in which the source (e.g., CPU, accelerator) of the pair
is conducting computation. It is possible since the request
control packet can be sent to the resource manager before
the packet generation according to the design-time task-
to-core mapping information. Specifically, steps 1⃝ and 3⃝
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take two cycles when the request/response control packets are
transmitted between the packet source and resource manag-
er via the dedicated control links; while step 2⃝ takes a short
time to check the route candidates, since it can be conducted
with multiple threads in the OS of the resource manager. To
guarantee the high computation parallelism, the cooperat-
ing heavy tasks are usually mapped to different cores, and
the execution time of the single partitioned tasks should
not be too short with the consideration of the inter-core
communication overhead. Otherwise, the communication
latency overhead will defeat the benefits from computation
parallelism. Thus, the control latency can be strictly less than
the minimal task execution time by design.

7 CONCLUSION

Although SMART NoC is promising for NoC-based
multi/many-core systems, the contention issue cannot be
effectively solved, and then the multi-hop bypass cannot
be fully utilized, which in turn reduces the benefits that
SMART offers. In this article, we propose a system-level
contention-minimized routing strategy: when potential con-
tention is detected with a direct route, we alternatively
select a contention-free multiple-bypass indirect route. The
contention-induced communications are isolated in both
temporal and spatial dimensions, which in turn improves
SMART performance due to the improvement of bypass
utilization. In particular, our proposed approach breaks
the minimal-distance routing tradition without the latency
penalty, paving the way for performance scalability of fu-
ture kilo-core chips. In future work, we will explore more
communication capability and reconfigurability by jointly
studying the task mapping, scheduling, and packet routing
strategies, and eliminating one turn permission in each
bypass phase with architecture optimization.
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