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Abstract—The communication latency in traditional Network-
on-Chip (NoC) with hop-by-hop traversal is inherently restricted
by the distance between source-destination communicating pairs.
SMART, as one of the dynamically reconfigurable NoC archi-
tectures, enables the new feature of single-cycle long-distance
communication by building a direct bypass path between distant
cores dynamically at runtime. With the increasing of the number
of integrated cores in multi/many-core systems, SMART has been
deemed a promising communication backbone in such systems.
However, SMART is generally optimized for average-case perfor-
mance for best-effort traffics, not offering real-time guaranteed
services for real-time traffics, and thus SMART often shows
extremely poor real-time performance (e.g., schedulability).

To make SMART latency-predictable for real-time traffics, by
combining with the single-cycle bypass forwarding technique, in
this paper, we firstly propose a priority-preemptive scheduling to
allow contending packets to be arbitrated according to predefined
priorities. Based on the priority-based scheduling, for the real-
time packet flows with given flow mapping and predefined
priorities, we then propose a real-time communication analysis
model, by considering shared virtual channels (or priority levels)
and arbitrary-deadline real-time packet flows, to predict the
worst-case communication latency and validate the schedulability.
Through theoretical and experimental comparison, the worst-case
communication latency of the analyzed packet flows is reduced
significantly compared with that of the traditional priority-
preemptive NoCs with hop-by-hop traversal and the original
distance-based SMART, thus improving the schedulability.

Index Terms—SHARP NoC, real-time communication analysis,
priority/VC share, arbitrary deadline, priority-preemptive com-
munication scheduling, worst-case end-to-end latency.

I. INTRODUCTION

HE network-on-chip (NoC) architecture is becoming

an increasingly important communication backbone for
Multi-Processor System-on-Chip (MPSoC) platform, due to
its high communication efficiency and good scalability. In
particular, the real-time systems make a significant portion of
embedded multi-core systems based on the MPSoC platform.
The real-time constraints of real-time applications pose chal-
lenges to the design of NoC. For the real-time applications that
are mapped on such NoC-based MPSoC, real-time communi-
cation guarantee is an essential requirement; that is, besides
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the logical requirement (i.e., completion of transmission), the
temporal requirement should also be met (i.e., all of the
real-time packets must be delivered to the destination before
the specified deadline). Otherwise, the real-time applications
may have significantly degraded performance, even suffer
catastrophic damage. To ensure the timely delivery of packets,
we should firstly calculate a safe and tight worst-case end-
to-end latency of each packet flow at design time under the
current resource constraints. And then, by employing the upper
bound of the analytical latency, an optimal schedulable order
(i.e., priority) can be found, and the resource assignment can
be well controlled to avoid over-provisioning. To this end,
many research works [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10], [11], [12] are conducted continuously on worst-case end-
to-end latency to get a tighter and safe latency upper bound
in traditional priority-preemptive wormhole NoCs. However,
the latency lower bound (namely zero-load latency C; without
any contentions) is inherently determined by the number of
hops between the source and destination in traditional NoCs
with hop-by-hop traversal. There is a chance for hard real-
time applications that deadlines D; would be violated even
under zero load conditions (formally C; > D;, i.e., if a flow is
somehow assigned a long-distance route, the zero-load latency
C; would be potentially more than the preset deadline D;),
especially for these applications with very tight deadlines;
otherwise, we need to reallocate more resources to guarantee
the schedulability (i.e., all of the flows are schedulable).
Besides, the state-of-the-art works [11], [12] didn’t consider
the priority/VCs share and the general arbitrary-deadline flows.

Different from traditional hop-by-hop traversal NoCs, an
advanced NoC design is SMART [13], [14], [15], [16], [17],
Single-cycle Multi-hop Asynchronous Repeated Traversal, that
can enable single-cycle multi-hop bypass transmission, re-
moving the hop count dependence between the source and
destination of the communication pairs, especially beneficial
for multi/many-core systems. Despite the benefits brought by
SMART, however, only the distance-based arbitrations are
supported, which cannot provide real-time guaranteed services
especially for real-time packet scheduling by predefined prior-
ities, and thus the SMART shows poor real-time performance.
The distance-based SMART platform thus cannot be directly
applicable for real-time applications. And even if it supports
priority-based scheduling, since the analyzed packet some-
times bypasses some routers and is stopped at intermediate
routers where contention occurs, SMART introduces non-
determinism and complicates the real-time analysis.

To make SMART latency-predictable for real-time systems,
in this paper, we firstly propose a priority-preemptive com-
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munication scheduling based on the state-of-the-art evolved
SMART NoC [16], called SHARP. Based on the proposed
scheduling policy, the real-time packets in conflicting routers
are locally arbitrated according to predefined priorities, and
the real-time guaranteed services can be provided. The main
contributions of this paper are summarized as follows:

o We first propose a priority-preemptive communication
scheduling policy in SMART NoCs, which supports
differentiated scheduling based on predefined priorities.

« We present a real-time communication analysis model for
constrained-deadline packet flows (deadlines are not more
than periods) by considering shared priority levels so that
the end-to-end latency is predictable.

« We extend the real-time analysis to the arbitrary-deadline
packet flows (deadlines can be (<, =, >) periods).

o Through theoretical and experimental comparison, our
proposed approach outperforms the traditional counter-
parts and the distance-based evolved SMART.

We would like to acknowledge that we rewrite some of
the classical real-time formulas of the existing works (e.g.,
[10], [11], [12]), but the extension of analysis to SMART
and arbitrary-deadline flows is nontrivial due to more complex
communication scenarios and non-determinism. Besides, these
state-of-the-art existing works didn’t consider the priority/VCs
share and arbitrary-deadline flows. To the best of our knowl-
edge, this is the first work introducing the evolved SMART
NoC to real-time many-core systems. The proposed latency
bounds may also suffer some sources of pessimism, and we
will continue to refine the analysis tightness in future work.

The remainder of this paper is organized as follows: Section
IT provides the background of SMART/SHARP. Section III
describes the priority-preemptive communication scheduling
policy used in our paper. Section IV describes the problem
definition and presents the corresponding system model. Sec-
tion V proposes the real-time communication analysis model
regarding the estimation of worst-case end-to-end latency.
Section VI experimentally compares the latency bounds with
that of the traditional counterparts and original distance-based
evolved SMART. Section VII finally concludes this paper.

II. BACKGROUND

In this section, we first introduce the original SMART NoC
[13], [14], [15]. Recently, there are many new works (e.g.,
[18], [16], [17]) improving SMART or based on SMART (e.g.,
[19], [20], [21], [22]). The evolved SMART NoCs including
SSR-Net [18] and SHARP [16] are introduced later.

A. Overview of SMART NoC

To achieve single-cycle multi-hop bypass transmission in
SMART [13], Single-cycle Multi-hop Asynchronous Repeated
Traversal, a novel low-swing clockless repeated link circuit
is embedded in the router crossbar at each router to replace
conventional clocked link drivers, together with additional
multiplexers and asynchronous repeaters. Different from the
traditional router, Switch Allocation (SA) of the SMART
router is split into two steps, referred to as the Local Switch
Allocation (SA-L) and Global Switch Allocation (SA-G). The
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start router firstly selects a winner from all of the buffered
flits that have applied a request for the target output port at
the SA-L stage. After that, a(n) SMART-hop Setup Request
(SSR) request that carries route information of SA-L winner is
broadcasted along a predefined dimension-order route (e.g.,
XY route) to the downstream routers up to HPC,,, hops
(where HPC,,,, refers to the maximum number of hops can
be reached in a clock cycle [13]) via dedicated control links
to establish a bypass data path (namely SSR stage). During the
next SA-G stage, each SSR recipient conducts the arbitration in
parallel by following one of the two distance-based arbitrations
namely local priority and bypass priority. When there are
multiple contending SSR requests, local priority policy autho-
rizes the priority to the SSR request that is from the nearest
start router. While for bypass priority policy, the SSR that is
from the farthest start router wins SA-G arbitration. After that,
the single-cycle bypass data path is established by setting the
values of control signals at each data router where SSR wins
along the downstream path. Finally, the corresponding flits of
SA-G winner traverse all of the reserved intermediate routers
in the Switch Traversal (ST) + Link Traversal (LT) stages until
they arrive at the stopping routers or destination.

At the data transmission phase, due to the VC selection fail-
ure or some other situations, body/tail flits may be prematurely
stopped at intermediate routers. To tackle this problem [13], a
VC is reserved by head flit at all of the intermediate routers
beforehand at the path setup phase, ensuring that the body/tail
flits can identify which VC at which they can be buffered
when a failure occurs at the downstream routers. And the VC
can be reserved and freed at all the routers between the start
router and the stop router within the same cycle.

B. Evolved SMART NoCs

Compared with traditional hop-by-hop traversal NoCs, S-
MART indeed reduces the average communication latency by
a maximum of 8x [13] via the preset single-cycle multi-hop
bypass path. However, SMART incorporates a large number
of dedicated control links to broadcast SSR requests, and as a
result, such design brings large overhead in wire, energy, and
area. An evolved SMART (referred to as SSR-Net) is proposed
in [18] to mitigate these problems. In an SSR-Net, SSRs are
transmitted using a dedicated auxiliary network (called control
network), which is in parallel to data network. Before an
SSR is sent in the control network, a corresponding pre-SSR
request is broadcasted in advance to establish the SSR routing
path at the control network for SSR transmission by setting
the control signals. According to the arbitration decision of
pre-SSR requests, only the SSR with the highest priority is
forwarded to downstream data routers through the control
network. Thus, the overlapping control links (e.g., SSR link) in
SMART are replaced with the shared control network. Besides,
the data router only arbitrates the SSR with the highest priority
from the upstream data router and local request, which also
simplifies the switch allocator design of the data router. Since
the width of pre-SSR wires is much smaller than SSR wires,
SSR-Net requires lower control overhead than SMART.

However, the pre-SSR arbitration of SSR-Net is the same
way as the SSR arbitration of SMART. Each router in SSR-Net
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still independently conducts the SA-G arbitration in parallel,
without considering the arbitration results of the upstream
routers. Thus, the pre-SSR stage of SSR-Net also suffers the
quadratic complexity (i.e., among up to HPC,;,(2HPC 0 — 1)
requests). Besides, as illustrated in [13] and like SMART,
the pre-SSR stage of SSR-Net additionally suffers the false
negatives phenomenon. Such a phenomenon is the case where
a multi-hop path is built in a router, but no incoming flits
arrive, which results in throughput loss. To avoid the quadratic
complexity arbitration and false negatives phenomenon, the
authors in [16] recently propose further evolved SMART
(referred to as SHARP). In a SHARP, instead of arbitrating
among up to HPC,,(2HPCpyc — 1) SSRs and pre-SSRs in
SMART and SSR-Net, SHARP sequentially arbitrates the
incoming SSRs router by router up to HPC,y,. Only the
winning SSR will be forwarded to the next router to build the
single-cycle multi-hop path. Meanwhile, the authors identify
that the SSR arbitration at the input port is redundant since
the same arbitration result is acquired in the output port of the
upstream adjacent router. By eliminating the quadratic com-
plexity and redundant arbitration, the SA-G stage in SHARP is
significantly simplified and consumes much less time than that
of SMART and SSR-Net. However, eliminating the quadratic
complexity and avoiding the false negatives will make HPC,,,
slightly reduced (i.e., HPC,, is slightly reduced from 8§ to 6 in
SMART and SHARP using Imm per-hop and 1ns clock) due
to the sequential SSR arbitration. Since the maximum HPC,,,,-
hop path is actually difficult to build with increasing traffic,
the slight HPC,,,, reduction can be accepted compared with
the significant benefits (i.e., quadratic complexity elimination,
throughput improvement). In the rest of the paper, we conduct
our work based on the latest evolved SMART, called SHARP.

III. PRIORITY-PREEMPTIVE SCHEDULING POLICY

To fully support user-defined priority scheduling for real-
time traffics in SHARP, we strategically present the priority-
preemptive communication scheduling policy together with
the discussion related to possible implementation. Instead of
arbitrating the contending packets by distance, our proposed
scheduling policy allows to arbitrate them according to prede-
fined priorities, offering more degree of latency predictability.

A. Priority-based Scheduling

Before packet transmission in SHARP NoC [16], the in-
coming packets will experience two rounds of arbitration:
local switch allocation (SA-L) that uses any arbiters according
to quality-of-service (QoS) requirements at the source/start
router and global switch allocation (SA-G) that is simply based
on the distance at the downstream routers. To make SHARP
latency-predictable and provide real-time guaranteed service,
we alternatively achieve the arbitration with a fixed-priority ar-
bitration module in this paper, in which SA-L (resp. SSR) stage
can conduct the local (resp. global) arbitration by predefined
priorities. To maintain low latency, the corresponding priority
module should be kept simple and easy to implement, instead
of the complex ones. Therefore, a low-latency arbitration
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module can be employed (e.g., the comparator with a binary
comparison tree that is based on the fast adder circuits [23]).

Ideally, we would like to have as many priority levels as
packet flows. However, such a way would increase the number
of bits of SSR signal and energy consumption significantly,
but conducting the priority-based arbitration would be also
complex. Some different packet flows can potentially share the
virtual channels (VCs) and have the same priority. As for the
same-priority packets, the first-in-first-out (FIFO) mechanism
is adopted. Therefore, to reduce the arbitration complexity and
control overhead, a large number of packet flows are divided
into a small number of priority levels. And, in credit-based
NoC, the buffer turnaround time ¢, is about 6 cycles [24].
To cover such time, multiple VCs (i.e., 6 VCs) per priority
level is achieved. Hence, the number of priority levels is set
as [nye/ty] (€., nye is the total number of VCs of each
input port); each VC has specified a distinct priority and been
exclusively assigned to a packet during a time interval. A
group of VCs with the same priority are shared by multiple
same-priority flows. The priority information is encoded in
SSR with width of [log,(nyc./ts)] bits. During the SA-L and
SSR arbitration stages, note that multiple requests with the
same priority may release simultaneously for the same output
port or input port. For the packets belonging to the same
priority, the input port will choose the packet that arrives
earliest. As for the packets requesting the same output port,
like the original SHARP, the arbiter (e.g., output port arbiter)
authorizes the priority according to the incoming direction:
straight > left-turn > right-turn.

B. Preemption Behavior

Safety/time-critical applications need not only account for
the completion and correctness of the packet transmission
but also the timely delivery before the specified deadline.
In original SMART [14], [13], Tushar et al. mentioned that
the virtual cut-through flow control [25] can be adopted for
simpler router design and correctness, applicable for non-
real-time best-effort traffics. With virtual cut-through, the
communication resources (e.g., link channel) are allocated in
units of packets (i.e., packet granularity). It is indeed beneficial
for best-effort traffics, but it cannot work well for real-time
traffics. Specifically, the higher-priority packets may suffer the
blocking latency from an entire packet with lower priority
that is being transmitted in the worst case. And then these
higher-priority packets may not finish transmission before their
respective deadlines at the destination, thus degrading the real-
time performance in terms of schedulability. Furthermore, the
buffer storage cost is relatively high (i.e., the buffer depth is at
least equal to the maximum number of flits of a packet), and
even the buffers are not used efficiently. By contrast, wormhole
flow control [25] is widely used with more flexible router
design in traditional hop-by-hop traversal NoCs, in which the
communication resources are allocated in units of flits (i.e.,
flit granularity) and a small number of flit buffers is required
at each router, especially beneficial for real-time traffics [2].

In SHARP NoC [16], the global switch allocation (SA-G)
consists of three steps: input arbitration, output arbitration,
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and configuration. In the following, we will detail the possible
implementation of priority-preemptive wormhole mainly from
the input arbitration. Before introducing the updated input
arbitration, to guarantee the correctness of packet transmis-
sion especially under the packet interleaving situations, let
(source_id, packet_id) be used as the key value to uniquely
identify the VC at the VC-to-source (packet) mapping table.
This table is checked sequentially from the source to the
next stopping router when establishing the bypass path [16].
Besides prioritizing the incoming SSR and local request based
on priority and FIFO policy, the input arbitration also conducts
the blocking tests, i.e., guarantee flit ordering and unique VC-
to-source (packet) mapping, illustrated as follows:

« First, with the priority and FIFO policy, the arbiter aims
to select a winner from the incoming SSR and a local
request that won the SA-L stage for the input port.

e Second, when there are prematurely stopped flits from the
same packet in a router, the incoming flit will be buffered
at that router to ensure flit ordering at the destination if
free flit buffers exist, else buffered at the previous router.

o Third, the arbiter also needs to check the availability of
free buffer/VC at the next-hop router for a given SSR:
(i) If the incoming flit is a head flit, the intermediate
downstream routers are checked for a free VC with
corresponding priority to allocate to this head flit. To
ensure the body/tail flits have a VC, the head flit reserves
a VC at all routers from the start router to its stop
router. Distinct from the VC selection at the stop router
in SMART [13], the VC selection of our wormhole in
SHARP [16] is conducted before head flit transmission.
This is because, in SMART [13] with SSR broadcast, the
presumed next stop router is not ensured and multiple
flits from different start routers might choose the same
VCid, but this case will not occur in SHARP [16] due to
sequential SSR propagation. (ii) While if the incoming flit
is a body or tail flit, the flit buffer availability of the next
downstream router is checked. If there are free flit buffers,
the incoming flit will be buffered at the current router, else
the flit is stopped at the previous router. The credit signal
is still between neighbors, and the flit buffers/VCs are
reserved and freed at all the routers from the start router
to the stop router within the same cycle. Actually, in
SHAREP [16], the SSR (resp. credit) signal is sequentially
propagated (not broadcasted) from start (resp. current
stop) router to the downstream stop (resp. upstream start)
router, the total control time between start and stop
routers is within 1 cycle [16], i.e., Ins in a technology of
TSMC 45nm and 1GHz. Due to the sequential arbitration
of SSR, the experimental synthesis results in SHARP [16]
show that the HPC,,,, value will be slightly reduced from
8 to 6 hops. Compared with the original SMART [13],
SHARP avoids the false negative phenomenon, which
achieves higher communication performance. Thus, a
slightly lower HPC,,,, value can be acceptable.

« Finally, the arbiter checks to see if the current router is the
destination by using the eject_flag field. If the current
router is the destination, the incoming flit will bypass the

N lV
buffer 0 buffer 0
(TN local | TN local |
T PN LA [ - T
ypass '.‘ bypass
BW.,, BM, | '\XB,, BW,, BM,) XB,,
BW,. 1 BW,, 1
BM,, local BM_, local
XB, | Ny— E,, XB, | N,— E,,

(a) Local flits at W,_and E_, (b) Bypass flits at W, and E_

Fig. 1. Two preemption examples of control signals resetting. (a) Local (b)
Bypass flits are preempted by the flits from another input port Nj,.

router pipeline of the destination and be forwarded to the
PE out of the port indicated by eject_port_id field.

While SA-L arbitrates buffered flits by priority and FI-
FO policy; the output arbitration is conducted by priority
and direction, and configuration sets up the multi-hop path.
Together, these aforementioned updated operations consti-
tute the wormhole-based SHARP. According to the flit-level
wormhole-based communication scheduling, the transmitting
packet with low priority can be potentially preempted by
higher-priority flows. Considering the flits that are being
transmitted on shared resources, these flits are from either
local buffered flits or bypass flits, shown in Fig. 1. Since
the F,, and subsequent link are shared resources, to reduce
potential blocking from lower-priority packets that are being
transmitted, such resources allow being reassigned to the
incoming flits with higher priority. In Fig. 1(a), suppose the
local flits from W;, are holding the output port E,, and
subsequent link. During their transmission, the requestor with
higher priority from another input port N;, applies to access
to the shared resources. In this case, the local flits will be
preempted by incoming packets from N;. The established
path of local flits is disabled by resetting corresponding values
of control signals, shown in Fig. 1(a). Similarly, suppose the
bypass flits from W;, are being transmitted in Fig. 1(b). The
control signal settings of the original transmitting flow are
shown in red color at the table, shown in Fig. 1.

C. Implementation Consideration

Our proposed priority-preemptive wormhole-based commu-
nication scheduling mainly replaces the distance field with
priority to encode SSR. To support the priority-preemptive
wormhole technique, the arbitration module of the original
router requires some modifications (i.e., replace the distance-
based arbiter with the priority- and FIFO-based one). In the
VC-to-source mapping table at the router input port, coupled
with source_id, packet_id is also included to uniquely i-
dentify which VC for each packet. To check the availability
of flit buffers, the credits are tracked in detail. Aside from
these main modifications, wormhole-based SHARP essentially
follows the same pipeline as virtual cut-through based SHARP
[16]. We would like to acknowledge that this additional modifi-
cation may incur higher control costs. To realize the real-time
guarantee in time-critical scenarios, this additional overhead
is necessary. In this work, we mainly focus on the strategic
design of real-time support with SHARP techniques and did
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not restrict the specific realizations. Besides the scope of the
real-time theoretical analysis and the wormhole strategic de-
sign, the complete exploration and evaluation of the wormhole
implementation will be studied in our future work. Distinct
from virtual cut-through, coupled with wormhole technique
in SHARP, when the hop count between source-destination
communication pairs is larger than HPC,,,,, the entire packet
does not need to be fully buffered at the HPC,,,,-limited
router. Instead, the flits of the packets are mainly buffered
at source/start/destination routers, intermediate routers, and
HPC,,,-limited routers along the dimension-order route (e.g.,
XY route), thus the router buffer size does not need to be large
enough to store the entire packet.

IV. SYSTEM MODEL

In Section III, a priority-preemptive communication
scheduling policy in SHARP is proposed to support differenti-
ated scheduling according to predefined priorities. Combined
with the communication advantage of SHARP and the pro-
posed scheduling policy, priority-driven real-time applications
will benefit a lot from that platform. In a wide range of hard
real-time systems, especially for safety/time-critical systems,
the real-time communication guarantee is an essential require-
ment. Specifically, for a given real-time application running in
such SHARP NoC-based multi/many-core systems, it needs
several components with computation/storage requirements
(e.g., processors, memory, and GPU), namely processing ele-
ment (PE), to run. To improve parallel performance, the coop-
erating tasks are usually mapped to different PEs. Therefore,
real-time packet flows are required among such components
to exchange data, and analyzing worst-case end-to-end latency
(WCEL) of flows at design time is of fundamental importance
to validate the schedulability, i.e., whether all of the real-
time packet flows (flow for short henceforth) are delivered to
destinations before their deadlines or not in the worst case. A
generated instance of a flow at runtime is denoted as packet,
similar to the relationship between job and task in real-time
task scheduling (i.e., a task instance is usually called job).

A. System Model

TABLE 1 gives the notations and their definitions used in
this paper. A given set of periodic or sporadic flows [ in a
SHARP consists of the flows f1, fs, ..., and f,, where a flow
fi is specified as (L;, D;, T;, P;, J;). L; is the complete
packet length in flits incorporating all the necessary parts
(i.e., head flit, body flit, and tail flit). D; denotes the relative
deadline. T; refers to the minimum interval time between two
successive arriving packets. P; denotes the priority of flow f;,
with all the generated packets from f; share the same priority.
A smaller integer of P; represents a higher priority. That is
to say, if P; < P;, f; has a higher priority than f;. J; is the
release jitter that denotes the maximum deviation of packets
released from its period. Note that, the flow mapping (i.e.,
task allocation) and the corresponding priorities are given.
The priority assignment can be determined by static-priority
scheduling strategy, i.e., Rate Monotonic (RM), and Deadline
Monotonic (DM) scheduling [26] or other feasible ways ([27],

TABLE I
NOTATIONS USED IN REAL-TIME COMMUNICATION ANALYSIS.

Notation Definition

PE:, Ry, ¢, Processing element, SHARP Router and unidirec-
tional link

buff Buffer depth for each virtual channel

tr The router-stage latency to set up data path

tw The time to forward a flit to next stopping router

F The set of packet flows in a SHARP NoC

fi A real-time packet flow

fix The A" packet of f;

L; Packet length in flits of f;

D; Relative deadline of f;

T; The minimum interval time between two successive
arriving packets of f;

P The priority of f;

Ji The release jitter of f;

path; Traversal path of f; in traditional NoC

patl; Transformed path of f; in SHARP NoC

sl The shared links between f; and f; along path;

st} y The shared links between f; and f; along path;,

C; Zero-load latency of path;

! Zero-load latency of transformed path,,

Sp(fi) Higher-priority flows that directly contend with f;

Sr(fi) Higher-priority flows that indirectly contend with f;

S?nj (fs) Higher-priority flows that indirectly contend with f;
via f; € Sp(f;) at downstream position

I ]IZ The indirect interference suffered by f; from f;

I j;’ The downstream indirect interference suffered by f;
from downstream direct flow f;

Ssp(fi) The set of same-priority flows that directly contend
with f;

Ssi(fi) The set of same-priority flows that indirectly contend
with f;

S;l;J (fs) The set of same-priority flows that indirectly contend
with f; via f; € Sgp(f;) at downstream position

SB; The queue blocking from same-priority flows

HI; The interference from higher-priority flows

dibs; Downstream indirect blocking from same-priority
flow fs € Ssp(fi)

diip; Downstream indirect interference from higher-
priority flow f, € Sp(fi)

HI; The interference from f, € Sp(f;)

R; Worst-case end-to-end latency (WCEL) of f;

R;(N) Busy period upper bound of f;

[21]). Different system model (e.g., constrained-deadline task
system) has different appropriate scheduling and task alloca-
tion strategy. The way to choose the priority assignment in
scheduling is based on the goal of maximizing the percentage
of schedulable flows under current resource constraints. The
complete route of f; composes of two PE-to-Router links
and multiple Router-to-Router links. For simplicity, we can
only consider the Router-to-Router path since the times in
PE-to-Router and Router-to-PE links are constants. Let path,
denote the Router-to-Router path from the source router to
the destination router, namely path, = {{1,{s,...,¢}. The
absolute value |path;| also represents the number of links along
the path path;, and the links are numbered in order. Let s/;;
denote the shared links between flows f; and f;, where |sl;;|
also denotes the number of shared links along their paths,
then sl;; = path; N path;. As mentioned in Section III-B,
the wormhole switching, and XY-routing are employed due
to practical consideration for real-time traffics. Note that, our
real-time analytical model is applicable for SHARP-1D and
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SHARP-2D versions, and not limited to one of them. Which
version to be adopted depends on the performance you desire.

According to the aforementioned system model, assume the
zero-load latency C; of an analyzed flow f; is the worst-case
communication latency with the consideration of contention-
free traversal and the limitation of the maximum number of
bypass hops HPC,,,.. Since the path setup time for head flit
and link latency for a body flit are constants, the value C;
|path, |

is determined by the effective number of hops { HPC
packet length L;. Therefore, the zero-load latency C; (Router-
to-Router path) in wormhole SHARP is formulated as:

—‘ and

|path,|
HPC, 0

While the zero-load latency C; (Router-to-Router) in tradition-
al priority-preemptive wormhole NoCs is formulated as:

Ci - (t7 + tw) : ‘Pafhl| + t'w : (Ll - 1) (2)

Ci = (tr +tw) - ity (Li—1). (1)
|

Where t, is the router-stage latency to set up data path, and
t,, refers to the wire latency between two logically adjacent
stopping routers. If the worst-case end-to-end latency I?; (that
is derived by adding the summation of blocking/interference
latency to the basic zero-load latency) meets the condition
R; < D;, any generated packet from an analyzed flow
fi will never miss its deadline at runtime under the worst
communication case, which is considered schedulable.

B. Communication Flow Graph Transformation

Despite the greatly enhanced communication efficiency of
SHARP, it also introduces increased non-determinism on
traversal time. In traditional NoCs, a flit is routed hop by
hop. Instead, in SHARP, a flit can be forwarded to the next
stopping router with multiple (e.g., HPC,4;) hops away in
each cycle through the established bypass path. As stated in
previous sections, our proposed scheduling policy supports
priority-preemptive scheduling for hard real-time traffics in
SHARP. Therefore, the stopping behavior at an intermediate
router during a packet’s transmission will take place resulting
from the following two cases, shown in Fig. 2.

Case-1: Directly contending flow. In Fig. 2(a), the analyzed
flow f; shares resources (e.g., router, link) with a directly
contending flow f; from router R3 to Rs; that is, the shared

S/

bypass,

(a) Case 1:{[
1 2
)

bypass,

/R.v h;| R |y

4

>
R!

[ & ]

Data router

/i Bypass routing

3
>
5

) e, N
®) Cuez Fﬁﬁ(iﬁ
1 2 ‘3 4
@

N

Path creation

Fig. 2. Two stopping cases at intermediate routers for the analyzed flows f;
and f; in priority-preemptive SHARP, HPCyyqx = 3.

link set sl;; = {{3,04} # ¢. By considering the relative
priority of such two flows, two cases are taken to analyze. In
the first case, where f; is a higher-priority flow, the analyzed
packet of f; will be preempted or lose arbitration when
contending with a packet from f; at R3. In the second case,
where f; is the same-priority flow, the analyzed packet from
fi will be blocked at R3 due to the first-in-first-out mechanism
utilized when a f;’s packet is being transmitted over the shared
resources. For the aforementioned two cases, the analyzed
packet from f; will be stopped at their first shared router R
because of suffered blocking. That is, the analyzed packet is
always stopped at their first shared router where it contends
with same/higher-priority flows in the worst scenario.

Case-2: HPC,, .. limitation. Due to the transmission dis-
tance limitation of the electric signal, here we assume HPC,,, 4,
= 3, a flit can only be forwarded with 3 physical hops within
a cycle over the established data path. Therefore, as depicted
in Fig. 2(b), f; will be stopped at the HPC, 4, -limited stop
router 1?4, and recreate the remaining data path.

As discussed above, we can observe that the analyzed flow
encounters stop at their first shared router in the worst case,
due to the directly contending same/higher-priority flows and
HPC,,,, limitation. We name the routers where the analyzed
packet is buffered in the worst case as stopping routers, e.g.,
R3, in Fig. 2(a). And other routers where the analyzed packets
are bypassed are named bypass routers. That is to say, the
bypass data path between two successive stopping routers
seems to be directly connected by the point-to-point link,
provided that the data path is established. In light of this
observation, to reduce non-determinism and facilitate our real-
time communication analysis, we can transform the analysis
from multi-hop traversal into logically hop-by-hop traversal.

n ,
© @~ HAHAHAHA-®

— regular link

w= bypass link i "% bypass router  [__| stopping router

Fig. 3. An example of, for the analyzed flow f;, flow graph transformation
from multi-hop into logically hop-by-hop traversal, where the packet flows
are in numbered priority order, P; = Ps > Pp, and HPCjax = 3.

We continue to give an example of a flow set consisting of
3 flows transmitting in SHARP to demonstrate this flow graph
transformation. A given set of flows including f;, fs and f} are
originally mapped in Fig. 3(a). By analyzing the transmitting
behavior of the analyzed flow f; in the worst communication
case, the bypass routers are printed in a dotted rectangle, while
stopping routers are printed in a solid rectangle, shown in Fig.
3(b). More specifically, for the analyzed flow f;, it is stopped
at Ry due to HPC,,,, limitation, and encounters stops at Rs
and R7 because of contending same (e.g., f5) /higher (e.g., frn)
-priority flows. On top of it, we directly connect two successive
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stopping routers by a point-to-point link (namely bypass link).
Then, based on that, we can derive the new flow graph of f;
with the feature of hop-by-hop traversal in Fig. 3(c). The real-
time communication analysis in SHARP can be transformed
from multi-hop into the “hop-by-hop” traversal. Note that, this
transformation only facilitates real-time analysis with real-time
scheduling theory at design time, which is a logical operation
and will have no influence on actual performance at runtime.

For the analyzed flow f; in priority-preemptive SHARP, we
denote the transformed route as path,’i, and the worst-case basic
communication latency C/ along path;, can be formulated as:

Czl = (tr + tw) ’ |path§| ttw (Ll o 1) 3)

V. REAL-TIME COMMUNICATION ANALYSIS

Real-time analysis in traditional priority-preemptive worm-
hole NoCs has been conducted in several previous works [1],
(21, [3], [4], [5], [6], [7], [8], [9], [10], [11], [12]. The typical
assumption in these works is the exclusive assignment of virtu-
al channel (or priority level) to flows, and deadline restriction
that a deadline is not greater than its period. However, the
number of VCs is limited in practice, and in most cases, the
number of flows is more than the number of VCs. The deadline
may also be arbitrary (that is the deadline can be greater than
its period). Especially, the state-of-the-art works [11], [12]
didn’t take these practical factors into account. To improve
the state-of-the-art works [11], [12], we consider the shared
VCs (or priority level) where multiple flows share the same
priority or a group of VCs, similar to the literature [28], [29],
[30], [31] in some traditional NoCs, and arbitrary-deadline
flows based on the emerging multi-hop bypass traversal NoC.
On such new priority-preemptive SHARP NoC, in this section,
we conduct an elaborate and complete real-time analysis and
derive the corresponding latency upper bound. This extension
to SHARP is nontrivial due to more complex communication
scenarios compared with traditional counterpart. We first give
some basic concepts for the SHARP considering a shared
priority. Next, we present the real-time communication anal-
ysis for constrained-deadline flows where their deadline is
not greater than their period. Finally, we extend our real-time
analysis to the arbitrary-deadline flows where their deadline
may be greater than their period. Our analysis model both
considers shared VCs (or priority levels) and arbitrary-deadline
flows, which is more general and practical than state-of-the-
art methods [10], [11], [12] in traditional NoCs and makes
SHARP latency-predictable for real-time traffics.

A. Definitions

Unlike distinct priority policy, the shared priority policy
permits multiple flows to share the same priority/a group of
VCs, where each VC is specified a distinct priority. For the
flows belonging to the same group of VCs, the first-in-first-out
(FIFO) mechanism is utilized. Hence, for an analyzed flow f;,
we let S(i) represent a set of flows that share the priority with
fi. Similar to the scenarios in traditional counterpart, direct
interference, and indirect interference also exist in priority-
preemptive SHARP and will be introduced later. Specifically,

7

—>

>/, >/,

—>/ —>/
|R1|—|R:|—|R}|—|R4 |R1|_|R3|_|R5|_|R4

(2) (b)

Fig. 4. An example to illustrate direct and indirect interference/blocking.

there are four different types of blocking/interference that
should also be considered in our analysis. Before discussing
the real-time analysis model, we first give some definitions. In
order to differentiate the blocking/interference latency from
higher-priority or same-priority flows, we let the blocking
denote the blocking latency suffered from the contending
same-priority flows, and interference denote the interference
latency suffered from the contending higher-priority flows.

Definition 1 (Direct Interference [1], [2]). If the analyzed flow
fi has a lower priority than that of flow f;, and shares at least
one link with f;, then f; suffers the direct interference from
fj. The direct flow set of f; is defined as Sp(f;):

Sp(fi) = {fjlsli; #0,P; > P;,Vf; € I'}

Example 1. In the example of Fig. 4(a), assuming f1 has a
higher priority than fo, the analyzed flow fo will suffer direct
interference from the contending higher-priority flow fi due
to spatial contention (e.g., link Ry — Rs).

Definition 2 (Direct Blocking). Inspired by the direct inter-
ference, if the analyzed flow f; has the same priority with flow
fj, and shares at least one link with f; under the mechanism
of FIFO, then f; suffers the direct blocking from f;. The direct
blocking flow set of f; is defined as Ssp(fi):

Ssp(fi) = {fjlslij # 0, P; = P;,Vf; € F}

Example 2. In the example of Fig. 4(a), assuming f1 has the
same priority as fo, the analyzed flow fo will suffer direct
blocking from the contending same-priority flow f1 in the
worst case.

Definition 3 (Indirect Interference [2]). If the analyzed flow f;
has no shared links with a higher-priority flow fy, but suffers
direct interference from an intermediate flow f; that suffers
direct blocking/interference from fy, then f; suffers the indirect
interference from f, via the intermediate flow f;. The indirect
Sflow set of f; is defined as S;(f;):

St(fi) = {frlslic = 0,V f; € Sp(fi),Vfr €
(Sp(fj) USsp(fi))}

Example 3. In the example of Fig. 4(b), assuming the priority
order is: p1 < py < p3 (i.e., the smaller value represents a
higher priority), f3 will suffer indirect interference from the
higher-priority flow f1 via the intermediate flow fs.

Definition 4 (Indirect Blocking). Inspired by the indirect
interference, assume the analyzed flow f; has no shared
links with fi that has a same or higher priority, but suffers
direct blocking from an intermediate flow f; € Ssp(f;) that
suffers direct blocking/interference from fi, then f; suffers the
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indirect blocking from f, through an intermediate flow f;. The
indirect blocking flow set is defined as Ssi(f;):

Ssi(fi) = {frlslie = 0,Yf; € Ssp(fi),Yfr €
(Sp(f5) U Ssn(f5))}

Example 4. In the example of Fig. 4(b), assuming the priority
order is: p1 < pa = ps, f3 will suffer indirect blocking from
the same/higher-priority flow f1 via the intermediate flow fs.

Note that, in priority-preemptive SHARP, the indirect inter-
ference suffered by f3 influences the number of packets of fs
that causes direct interference to f3. While the indirect block-
ing influences the actual release time of f, that causes blocking
to f3. These two kinds of indirect blocking/interference will
be formally considered later.

Definition 5 (Downstream Indirect Interference [6], [10]). The
flow f; € Sp(f;) may cause direct interference to the analyzed
flow f; more than once at the downstream position, thus
leading to the suffered interference each time being more than
zero-load latency C;. The downstream indirect interference
Sflow set is defined as Sf"j (fi):

ST (f2) = {ful fu € S1(£) N (Sp(f;) U
Ssp(f;)), last(slij, path;) < first(sl;x, path;)}

where the shared links between fj, and f; appears after the
shared links between f; and f;; the function first(sl;;, path;)
(resp. last(sl;j, pathj) ) returns the subscript of the first (resp.
last) shared link along the route path; of flow f;.

Example 5. In the example of Fig. 5, assuming the priority
order is: p1 < pa < ps, fs will be interfered by a packet of
the contending higher-priority flow fo more than once (e.g.,
Ry) in the worst case because of f1 and limited router buffer
size.

—>/
>/,

— >/
L& L& & R

Fig. 5. An example to illustrate downstream indirect interference/blocking.

Definition 6 (Downstream Indirect Blocking). Inspired by
the downstream indirect interference, f; can be blocked by
a direct blocking flow f; more than once under the FIFO
mechanism. That is, the flits of f; (that has already caused
blocking to f;) are buffered at their shared routers due to
suffered blocking/interference from an indirect blocking flow
fi € Ss(fi), then such buffered flits of f; may block f; again
when the router buffer size is limited. The downstream indirect
blocking flow set Sg}” (fi) is defined as:

Sg? (i) = {flfi € Ssi(fi) 0 (Sp(f;) U
Ssp(f;)), last(slij, path;) < first(sljk7pathj)}
where the function first(sl;j, path;) (resp. last(slj,
pathj) ) return the subscript of the first (resp. last) shared link
along the route path; of flow f;.

8

Example 6. In the example of Fig. 5, assuming the priority
order is: p1 < pa = ps3, f3 will be blocked by a packet of
the contending higher-priority flow fo more than once in the
worst case because of f1 and limited router buffer size.

Note that, the downstream indirect blocking/interference
suffered by f3 influence the maximum blocking/interference
of each packet from f5 that causes to fs.

B. Real-Time Analysis for Constrained-Deadline Flows

In this section, we consider the real-time communication
analysis for constrained-deadline flows where their deadlines
are not greater than their periods (D; < T;). As stated in
Section IV-B, the on-chip routers of SHARP are classified as
stopping router where the analyzed packet is buffered in the
worst communication scenario, and bypass router where the
analyzed packet can bypass. Through logical communication
flow graph transformation, the original route path; of the
analyzed flow f; is transformed into path;. Due to priority-
preemptive communication scheduling utilized in SHARP,
except the new zero-load latency CJ, an analyzed flow f;
suffers queue blocking SB; from same-priority flows, and
interference HI; from higher-priority flows. Therefore, the
worst-case end-to-end latency (WCEL) R; is formulated as:

“4)

Lemma 1 (Ref [32]). For the constrained-deadline packet
flows, an analyzed packet f; x can be blocked by a same-
priority flow fs(fs € Ssp(f:)) at most one packet, even though
the indirect blocking exists.

R; = C! + SB; + HI;

Theorem 1. When calculating WCEL, for the analyzed flow
packet f; x, the upper bound of SB; suffered from the same-

priority flows fs(fs € Ssp(fi)) is given by:

dng _
SB; = ZfsESSD(fz‘) Cs S (fi) = &,
> toesms(Cs + B, otherwise.

where the additional blocking B = min(dib;s, Rs—C"), the
downstream indirect blocking (defined in Definition 6) dib;s =
buff-t., -|sl;s| and the parameter buff refers to the buffer depth
for each virtual channel of the on-chip router.

(&)

Proof. When considering the relative position of the shared
links between the contending same-priority flows f; and the
analyzed flow f;, the indirect blocking is divided into upstream
and downstream indirect blocking, shown in Fig. 6.

A
f; > /4

[x Hr Hx HeHz]
(b)

/ >
N
Ll

YVY

Fig. 6. (a) Upstream and (b) downstream indirect blocking.

Case-a: In Fig. 6(a), f; suffers upstream indirect blocking
from f,(fu € Ssp(fs) U Sp(fs)) via an intermediate same-
priority flow fs. In the worst case, the generated packets from
fs (e.g., fs,p) suffer enough blocking/interference from f,, and
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arrive at their first shared router (e.g., R3) between f; and
fs just before the release time of f; x. Then, f; » is blocked
by fs,s at their first shared router until the shared resources
are available. And by Lemma 1, f, actually blocks f; » at
most one packet (e.g., fs 3) in this case. That is, the upstream
indirect blocking only affects the actual release time of the
intermediate flow f, not the number of packets of f, that
causes blocking to f; . Hence, the suffered blocking from f,
is upper-bounded by C’, for the upstream case.

Case-b: In Fig. 6(b), f; suffers downstream indirect block-
ing from fy(fs € S&'=(f;)) via an intermediate same-priority
flow fs. Similar to downstream indirect interference [10],
[11], an intermediate packet f,; that has caused blocking
at their first shared router (e.g., R;) can block f;  again
at later shared routers (e.g., R2) due to indirect blocking.
This is because, the buffer size of on-chip routers is finite
in practice and f;; may be blocked by fq at R3, some flits
of fs1 may be buffered along the shared intermediate routers
between fs and f;. Such buffered flits can cause blocking to
fix again due to the utilized first-in-first-out mechanism in
the shared virtual channels. We call such additional blocking
as downstream indirect blocking denoted by dib;s. Suppose
the packet of f; is fully buffered all of their shared stopping
routers between f; and f;, the maximum value of dib;s
suffered by f; » is dib;s = buff - t,, - |slis|.- On the other
hand, fs: suffers direct blocking/interference from fq up
to Rs — C%, which in turn blocks f; . Since such indirect
blocking may be not enough to make all the buffers of
intermediate shared routers between f; and f; filled up, the
maximum additional downstream indirect blocking suffered by
fi. is not larger than min(dib;s, Rs — C",). Therefore, in this
case, the suffered queue blocking from f, ; is upper-bounded
by C. + min(dib;s, Rs — C’) for the downstream case.

Based on the above two cases, the theorem follows. O

Similar to the real-time analysis in traditional counterpart,
the flows in priority-preemptive SHARP also suffer direct and
indirect interferences. The interference HI; suffered by the
analyzed flow f; is the summation of HIy; caused by direct
higher-priority flows fx(fn € Sp(f;)). The value of Hlp;
is given by the result of multiplication between the number
of packets from f; that causes interference to f; and the
maximum interference that a packet from f; causes to f;.

Theorem 2. When calculating WCEL, for the analyzed packet
fi.x, the upper bound of Hly,; suffered from the higher-priority

flow frn(frn € Sp(fi)) is given by:

Hly,; =
i |

} (G, ©

where

hi — Rh - C]/'L’
1 = ¥y, [ 22| - min(diiin, Cf + 1§5) + SBY.

(fx € S (fi), fu & S5° (f:). fs € Sso(f3), fq € Ssn(fn),
fq shares links with f, at the downstream position of f,),

and

diiih = buﬁ tw . ‘Slih|.
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Proof. For f; », let direct higher-priority flow be f;, € Sp(f;).
Since SHARP enables priority-preemptive scheduling, similar
to the analysis in traditional NoCs [10], [11], multiple packets
from f}, can cause interference to f; » and the downstream
indirect interference [6], [10] also exists during f; \’s trans-
mission. The maximum number of packets from f} is upper-
bounded by [%}:H’ILL—‘ that is formally proved in [10], and
the additional downstream interference /¢ from a packet of f,
by I ,”f’l’ that is partly calculated in [11]. Besides, f, additionally
suffers blocking from downstream same-priority flows f, that
in turn causes additional interference to f; x, which is calculat-
ed by SBY. However, since the flows f € S¢™ (f;)N.Se=(fi)
has caused blocking via intermediate same-priority flow f; €
Ssp(fi), which have been considered in Theorem 2, this flow
fr € ST (f;) N S (f;) is not included here. By adding the
new zero-load latency C’;L, the maximum suffered interference
of each encounter is Cj + I Z’Z‘ By accumulating all calculated
parameters, the theorem follows. O

Substituting Eq. (5) and (6) into Eq. (4), the latency upper
bound R; is derived for constrained-deadline flows.

C. Real-Time Analysis for Arbitrary-Deadline Flows

Instead of the packet-level analysis for constrained-deadline
flows in Section V-B, we will consider the real-time analysis
at the flow-level for arbitrary-deadline flows (the deadline
restriction D; < T; is relaxed, namely D; can be (<,=,>)
T;) in this section. In this case, for the packets of the same
analyzed flow, the transmission of a previous successive packet
may not be completed when the next analyzed packet is
released. Since the first-in-first-out mechanism is utilized for
the flows with the same priority, the earlier packet may delay
the later ones from the same flow. To calculate WCEL of an
arbitrary-deadline flow f;, we extend the busy period [33], [21]
utilized for task scheduling in uniprocessor systems to flow
scheduling in priority-preemptive SHARP. During the busy
period of the analyzed flow f;, all of the packets of f; and its
contending flows of priority P; or higher finish transmission.
To derive WCEL, for the analyzed flow f;, we firstly find the
upper bound of the busy period R;(\) that is from the critical
instant and ends until the completion of the A" packet f; ».
Then the final WCEL of the analyzed flow is chosen as the
maximum WCEL among the A\ packets.

A > f——> Ny
f— [ >
(a) Case 1 (b) Case 2 (¢) Case3

Fig. 7. The relative position relationships between the analyzed flow f; and
its same-priority flow fs.

Lemma 2. For the arbitrary-deadline packet flows, an an-
alyzed packet f; x can be blocked by a same-priority flow
fs(fs € Ssp(fi)) more than one packet.

Proof. For the two contending flows f; and f,, there are three
cases of the relative position relationship, shown in Fig. 7.
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For any case of Fig. 7, suppose f; » is released at time to,
while f,; is actually released at their first shared router at
to — € (e > 0) after experienced direct blocking/interference
(correspondingly the indirect blocking for f;). f; » will be
blocked by fs 1 until fs; departs from that shared links s,
at time ¢y — € + Cs (where C is the duration time that f ;
departs from the shared links). Suppose the x” packet fs
of fs is released at ¢;. Since D; (<,=,>) T;, the value of
to — e+ Cs can be larger than ¢; (i.e., a later period start time
of fs).

Hence, there may be multiple packets (e.g., x) ahead of
fix. Since the FIFO mechanism is employed and preemption
is not allowed between any two flows with the same priority,
the analyzed packet f; » is blocked by multiple packets until
the shared resources are available. The lemma is proved. [

Theorem 3. The upper bound R;(\) of a busy period for the
analyzed flow f; with an arbitrary deadline, under the shared
priority policy in priority-preemptive SHARP, is given by:

e

Vfs€Ssp(fi)

Ri()‘)+Jh+IiILi / dn
Z ’V T’h ’ (Ch + [hi )
Vfn€Sp(fi)

Ri(\) = XC} +
@)

where
)= [Ri(x)wﬂ
Ti :

Proof. The busy period R;()) is the time interval from the
release time of f; ;1 until the transmission completion of f; »,
which consists of four parts: total basic latency from the
analyzed flow f;’s A packets, and blocking/interference from
directly contending same-priority flows f; and higher-priority
flows f5. During the busy period, the number of packets from
the analyzed flow f; is calculated by A\ = M—‘ In
the following, we use mathematical induction to prove the
Equation (7) for Vj € {1,2,...,\}.

Base Case: For the first packet from f; ;, let the release
time of f; 1 as the critical instant of R;(1).

First, for the queue blocking from the same-priority flows,

according to Lemma 2, f;; can be blocked by [%

packets from f, during the relative transmission interval R;(1)
of f;1. While f;; can suffer queue blocking from each of
these packets up to SB; that is proved in Theorem 2.

Second, for the interference from higher-priority flows,
according to Theorem 3, such interference from a higher-
priority flow is upper-bounded by HI};.

Therefore, Equation (7) is satisfied when j = 1.

Inductive Step: For the packet f; ,, assume that Equation
(7) is satisfied when Vk € {1,2,...,5 — 1}. We need to prove
Equation (7) is satisfied when k = j.

First, for the basic latency of k packets during the relative
time interval R;(k), such latency is upper-bounded by & - C.
Based on the previous j-I packets (when k£ = j — 1), the basic
latency of j packets is upper-bounded by (5 — 1) - C + Cl =
j-CL

Second, for the queue blocking from the same-priority
flows, the number of packets from f; is upper-bounded by
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%—‘ during the relative time interval R;(j), and the

blocking of each packet is upper-bounded by SB; according
to Theorem 2.

Third, for the interference from higher-priority flows,
the number of packets from f, is upper-bounded by

Ri()+Jn+IL; . .
[%-‘, and the maximum interference of each en-

counter is Cj, + Ij".
In summary, Equation (7) is satisfied when k& = j. When
j = A, the theorem is proved. O

By using the busy period upper bound R;(\), the worst-
case end-to-end latency (WCEL) R; of the analyzed flow f;
is given by the packet with maximum analytical latency upper
bound. That is, R; is given by:

R; = max (R;(n)—

— )T,
Vne[l,\] (n )

1) + J;. (8)
In summary, regarding the calculation of the analytical
latency upper bound R; of f;, which method to be adopted
depends on the employed task model. For the constrained-
deadline flows, R; is calculated by Equation (4); while for the
arbitrary-deadline flows, Equation (8) is adopted.

D. Qualitative Advantages of Our Approach

In this section, we analytically compare the priority-
preemptive SHARP and the schedulability analysis with that
of traditional hop-by-hop traversal wormhole NoCs [11]. Note
that we declare that we cannot compare with the work [12],
since we don’t consider these aspects temporarily (e.g., a
finer-grained sub-route interference [7]) to concentrate on our
research target of this paper, and our methods can be easily
extended to consider the finer-grained sub-route interference
[7]. Since the work [11], [12] only considers the constrained-
deadline flows, we here also compare the analytical bounds

for constrained-deadline flows. For the analyzed constrained-
sharp

deadline flow f;, the worst-case end-to-end latency R, in
priority-preemptive SHARP is formulated as follows:
Rs.harp — C/ + Z (C/ + Bdln,sharp)_’_
fs€Ssn(fi) 9
R;harp J Ilzshurp dar ( )
S (| (G 1),
Th, ‘
fn€Sp(fi)
where
Bi"’Sh“rp mm(dlbéh‘"p Rshare — 1),
dib]"" = buff -ty - |sl;s],
1 ,sharp fhar
1 = B - ¢,
e — s B i (i Ch T+
hi fe | T kh

shar; dn,shar, dn,sharp
SBEM (fi €SP (fi) fe & Sg (i), fs €
Ssp(fi), fq € Ssp(fn), fq shares links with f; at the
downstream position of f,),

dii sharp _ buﬁ t

zh ‘Sl¢h|.
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While for traditional hop-by-hop traversal wormhole NoCs
[11], we also employ the priority shared policy based on that
and derive the worst-case end-to-end latency R:

Riradi _ 07 + Z (C’g + B;iin,tradi)

fs€Ssp(fi)
Rémdi +J n+ I }Il;m)di dn,tradi
D> <[ T (O + 1),
fn€Sp(fi)

(10)
where
B;lin,tmdi — mm(dlbirsadl, Rtsradi _ CS)’
dib ™ = buff - t,, - |sl;s|,
I}{l;tmdi — R;};ad,‘ _ Ohs
el = s Lh;;ﬂ - min(dilf, Cyp + I +

SBZ’lradi (fk c Sc]ln,tradih (fz)afk ¢ S;’;,zradis (fi);fs c SSD(fi))7

dii'™ ™ = buff - t, - |slip).

By analyzing the analytical bound R;, it essentially depends
on path,, router-stage latency ¢,, wire (between two successive
stopping routers) latency t,,, buffer depth buff, release jitter J;,
and contending same/higher-priority flows. In SHARP with
network frequency 1-2GHz at 45nm [13], [16], the worst-
case router-stage latency "7 = 2 cycles, while the best-case
router-stage latency is 1 cycle when no buffering flits exist
at start/source router. In traditional NoCs [34], [35], [36], the
router-stage latency t7“¥ ranges from 1 to 5 cycles because
of different techniques (i.e., network frequency). Besides the
variables path, and t,, all the other variables are the same in
traditional and SHARP NoCs. In Section IV-B, the route path;
is transformed from path,; with |path}| < |path,|. The latency
bounds are directly proportional to the basic zero-load latency
C;, and thus we mainly compare the variable C;.

Since

Ci = (tr + tw) - |path,| + t - (L; — 1).

By analytically comparing the path; and ¢, in traditional
and SHARP NoCs, we can conclude:

Theorem 4. R“7 strictly dominates R when t™di > 2;
while R partly dominates R when 7% = 1.

Proof. Case-1: t™¥ > 2. We prove this case in two steps:
(1.1) prove R)“” dominates RY, i.e., R)“” is no larger
than R and (1.2) further prove R{™” strictly dominates
Riradije., th“rp is strictly less than R7%¢. For (1.1), since
|path}| < |path;| and M7 < i we get CIP < Curadi,
Since other variables are the same, we then derive R;h‘"” <
RIrdi Step (1.1) is proved. As for (1.2), for an analyzed flow
fi with |path;| > 1, by considering an extreme case where the
analyzed flow bypasses all the intermediate routers, we derive
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Case-2: t7 = 1. 1In this case, traditional NoCs have
a larger variable |path;|, while SHARP NoCs have a larger
router-stage latency ¢.. Consider two extreme cases. (2.1)
when an analyzed flow f; with |path;| = 1 and #7 = 2,
|path;|" = 1. SHARP NoCs have no benefits from |path,|’
reduction, and thus R7“¥ strictly dominates R}"“”. (2.2) when
an analyzed flow f; with |path,] > 1, and f; bypasses
all the intermediate routers namely |path;|’ = 1, we derive
Crradi _ P — 9 . \path,| — 3 - |path;|’ > 0. Credi > O,
In this case, R;h‘"p < Riradi_ Therefore, when ¢ = 1, thwp
partly dominates R,
O

Note that, the state-of-the-art works [11], [12] didn’t con-
sider the priority/VCs shared policy and the general flows with
an arbitrary deadline. In summary, based on Theorem 4, the
advantages of our approach in SHARP are threefold.

o The communication performance of SHARP is better than
that of traditional NoCs since SHARP can enable single-
cycle multi-hop traversal. Specifically, SHARP NoCs
strictly dominate traditional NoCs with deep pipeline
router (i.e., t7 > 2); while for the state-of-the-
art academic traditional NoCs with 1-cycle router (i.e.,
tiradi — 1), SHARP NoCs dominate if the benefits from
|path;|" reduction are more than the penalty of router-
stage latency increasing. In particular, when the real-time
flows have very tight deadlines, SHARP can provide a
lower worst-case end-to-end latency and then guarantee
better schedulability than traditional NoCs.

o Our analysis approach has considered the priority/VCs
shared policy, which is more practical than the work [11].

o Our analysis approach extends the real-time analysis to
arbitrary-deadline flows, which is more general and can
also apply to traditional NoCs.

As mentioned in Section IV-A, for an analyzed flow f;,
if the analytical latency upper bound R; meets the condition
R; < D,, any generated packet from f; can be schedulable at
runtime under the worst communication case. Since the orig-
inal bound R; is reduced to R} with the help of our proposal
(R, < R;), the flow sets that are originally not schedulable
(formally R; > D;) can be potentially schedulable (formally
R} < D), thus improving the real-time schedulability.

VI. QUANTITATIVE EVALUATION

To quantitatively evaluate the real-time performance of the
priority-preemptive SHARP, we conduct experimental compar-
isons by using our proposed analytical model under synthetic
benchmarks. We first conduct a set of experiments to con-
trast the normalized latency bounds of the priority-preemptive
SHARP against the results of original distance-based SHARP
and two kinds of traditional hop-by-hop traversal NoCs with
different router-stage latency (i.e., t7*% = 1 2). Then, we
conduct another set of experiments to verify the schedulability
improvement, compared with the aforementioned baselines.

path}| < |path;|, C"“? < C*di In this case, R)"“” < R A. Experimental Setup

Step (1.2) is proved.
Therefore, when 74 > 2, RY"“” strictly dominates R

To validate our proposal, we conduct the quantitative evalu-
ations by using a large set of synthetic packet flows [25] (e.g.,

0278-0070 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Nanyang Technological University. Downloaded on August 17,2020 at 05:00:44 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCAD.2020.3015440, IEEE

Transactions on Computer-Aided Design of Integrated Circuits and Systems

UniformRandom traffic pattern) and compute their latency
upper bounds of our proposed and existing analytical models.
The configurations of the communication platforms and real-
time packet flows are set as follows:

1) We use N x N mesh size 2D-NoCs (i.e., N = 8,10, 16)
with a design-time parameter HPC,,,4, (i.€., HPCyp 4y =
4, 6), for SHARP NoCs, which denotes the maximum
number of bypass hops per clock cycle.

2) XY-routing is used. Wormhole flow control is adopted
for priority-preemptive traditional and SHARP NoCs,
while virtual cut-through flow control is adopted for
original distance-based SHARP NoCs.

3) The buffer depth of each VC in priority-preemptive
traditional and SHARP NoCs is maximally limited to
32 flits; while for original distance-based SHARP, the
buffer depth is equal to the largest packet size.

4) The number of packet flows is in the range of (1, 100)
with the step of 5. Each packet size in flits is randomly
selected from the range [5, 50].

5) The utilization of each packet flow is selected from the
range (0.01, 0.5). The corresponding period 7; is set
as the ratio of the zero-load latency to its utilization.
The deadline D; is set as the same as the period (i.e.,
D; =T;). The release jitter J; is set as 0.

6) In the state-of-the-art work [11], the constrained-
deadline flows (i.e., D; < T;) only are considered. It
assumes the priority of each flow is unique, and the
number of VCs is more than the number of priority
levels. To facilitate comparison, we also only consider
the constrained-deadline flows and assume the number
of priority levels are equal to the maximum number of
flows, while 6 VCs per priority level is achieved to cover
the buffer turnaround time. The priorities of the flows
are assigned by Rate Monotonic (RM) scheduling [26],
where a flow with a shorter period has higher priority.

7) Each point setting of the result figures is conducted 100
times, and the average value is used as the final value.

The proposed approach, priority-preemptive scheduling pol-
icy and its corresponding real-time analytical model in SHARP
NoCs (tﬁ.h“”’ = 2) with the buffer depth (2 and 32 flits), will be
referred as PS2-NoC and PS32-NoC henceforth, respectively.
While the considered baselines include:
e PT1-NoC. Priority-preemptive Traditional hop-by-hop
traversal NoCs with router-stage latency 7% = 1.

e PT2-NoC. Priority-preemptive Traditional hop-by-hop
traversal NoCs with router-stage latency 74 = 2.

¢ DS-NoC. Original distance-based SHARP NoCs.

To facilitate comparison, we use the following performance
metrics for quantitative comparison in our experiments:

e Normalized Bound. To demonstrate the real-time per-
formance in terms of bounds reduction of our method
denoted by PS-NoC, we employ the normalized bound
to compare with PT1-NoC, PT2-NoC, and DS-NoC. In
our experiments, all the analytical worst-case end-to-end
latency bounds are normalized to that of PT2-NoC.

o Schedulable Flows(%). For each analyzed flow set, we
employ the metric schedulable flows(%) to show the
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Fig. 8. Normalized latency upper bound comparisons with different configu-
rations against the traditional counterparts and original distance-based SHARP
using synthetic UniformRandom traffic pattern [25].

achieved schedulability improvement compared with the
baselines. The schedulable flows(%) metric is defined as
the percentage of schedulable flows for an analyzed flow
set under a certain configuration.

B. Evaluation Results

Fig. 8 demonstrates the normalized bounds between our
proposed method denoted by PS-NoC and the compared exist-
ing methods under different topology and HPC,, .. From the
experimental results, compared with PT1-NoC, PT2-NoC, and
DS-NoC, the normalized bounds of PS2-NoC are averagely
reduced with 29.24%, 42.39% and 74.40%, while PS32-NoC
achieves for 27.23%, 40.75% and 73.68%, respectively. The
reason is that we employ the priority-preemptive scheduling
policy based on single-cycle multi-hop traversal NoCs, thus
reducing the suffered blocking latency from other contending
flows for higher-priority flows and breaking the distance
limitation between long-distance communication packet flows.
More specifically, compared with the baselines through the
shown results in Fig. 8, the observations are fourfold.

¢ Compared with PT2-NoC, as proved in Theorem 4, our
proposal strictly dominates PT2-NoC. This is because,
with the help of utilization of single-cycle multi-hop
bypass path in SHARP, the zero-load latency is reduced
significantly, and accordingly the suffered blocking laten-
cy from higher-priority flows is reduced.

o Regarding PT1-NoC, as proved in Theorem 4, whether
our proposal dominates PT1-NoC or not depending on
the relative size in SHARP between the benefit of hop
count (i.e., |path;|) reduction and penalty of router-stage
latency (i.e., t,.) increasing. Note that, we indeed find that
PT1-NoC dominates our proposal in a small number of
experimental cases, while our proposal dominates PT1-
NoC in the rest of cases. It means that the benefit of
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hop count reduction is more than the penalty of router-
stage latency increasing in most cases. Hence, the average
bounds of our proposal are smaller than that of PT1-NoC.

e As for DS-NoC, our proposal significantly outperforms
in the same SHARP but with different scheduling. The
reason is that our proposal can provide differentiated
service for real-time flows, while DS-NoC is generally
optimized for average performance for best-effort flows.
Therefore, the higher-priority flows of our proposal suffer
less blocking latency when encountering contention than
that of DS-NoC. In particular, DS-NoC shows even larger
normalized bounds than PT2-NoC, indicating the enabled
differentiated service is very crucial for real-time flows.

o The real-time performance of our proposal with different
buffer depth is slightly different. Specifically, the nor-
malized bounds of PS2-NoC (with a smaller 2-flit buffer
depth) are averagely 2.76% lower than that of PS32-NoC
(with a larger 32-flit buffer depth). This is because, the
approach PS32-NoC with a larger buffer depth can bring
more downstream indirect interference in the worst case.
Thus, a larger buffer depth of each VC is not beneficial
for real-time traffics.

Fig. 9 shows the schedulability results against the baselines
under two mesh sizes. From the experimental results, com-
pared with PT1-NoC, PT2-NoC, and DS-NoC, the percentage
of schedulable flows of PS32-NoC is averagely improved
by 10.52%, 18.39% and 40.61%, while PS2-NoC achieves
for 12.12%, 20.11% and 42.65%, respectively. As mentioned
in Fig. 8, this is due to the reduced latency, the originally
unschedulable flows in the baselines are potentially able to
become schedulable in our proposal (i.e., PS2-NoC, PS32-
NoC), thus making a higher percentage of flows deadline
guaranteed (namely schedulable with R; < D;). Compared
with PS32-NoC, PS2-NoC achieves averagely 1.48% more
number of schedulable flows due to lower suffered down-
stream indirect interference. Besides, with the increasing of the
number of flows, both sub-figures of Fig. 9 demonstrate that
the schedulable flows metric decreases due to more suffered
blocking latency. In summary, by combining with the matched
priority-preemptive scheduling based on the emerging multi-
hop bypass NoCs, the schedulability is remarkably improved.
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Fig. 9. Schedulability results for our proposal against the baselines.

VII. CONCLUSION

To reduce the worst-case end-to-end latency for real-time
traffics, we employed the latest evolved SMART NoC, called
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SHARP, as the communication infrastructure in real-time
multi/many-core systems, and proposed matched priority-
preemptive scheduling. To facilitate analysis and validate
schedulability, a corresponding real-time communication anal-
ysis model, applicable for constrained and arbitrary-deadline
flows, is also proposed by considering priority/VCs share.
Communication latency is reduced significantly by using
SHARP, and worst-case latency predictability is guaranteed by
using our analysis model. Through theoretical and experimen-
tal comparison, the latency bounds in our proposal dominate
that of traditional hop-by-hop traversal NoCs and original
distance-based SHARP, especially for deep pipeline routers.
Combined with the proposed priority-preemptive scheduling
policy and real-time analysis model, SHARP shows great
applicability and effectiveness for real-time applications. We
plan to optimize the latency upper bounds, address the imple-
mentation complexity of wormhole-based SHARP and explore
the more efficient real-time NoCs in our future work.
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