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Abstract general] [general- gpplication-
purpose purpose specific processors
Future chip multiprocessors (CMPs) may have hundreds grocessey). (groceason.. (gl Eieg). ocevene

to thousands of threads competing to access shared re- \H \H \H

sources, and will require quality-of-service (QoS) suppor it R—™— R —R =:i.

to improve system utilization. Although there has been router highly-structured
: : scalable

significant work in QoS support within resources such as i n n n on-chip network

caches and memory controllers, there has been less atten- i *= R +—= R +—= R +:!

tion paid to QoS support in the multi-hop on-chip networks i / !f / It / It

that will form an important component in future systems. o:n_chip .

In this paper we introduce Globally-Synchronized Frames |memory| |memory| | WO shared on-chip

(GSF), a framework for providing guaranteed QoS in on- | 220 ‘°°""°"e;\ ""te"ace’ resources

chip networks in terms of minimum bandwidth and a max-

imum delay bound. The GSF framework can be easily igyre 1: A complex system-on-a-chip containing a chidesca
integrated in a conventional virtual channel (VC) router muyltiprocessor and application accelerators commumigatiith
without significantly increasing the hardware complexity. memory and 1/O resources over a multi-hop on-chip network.
We rely on a fast barrier network, which is feasible in an

on-chip environment, to efficiently implement GSF. Perfor- @nd worst-case throughput will continue to grow, requiring
mance guarantees are verified by both analysis and simu-Overprovisioning and hence poor utilization of platform re
lation. According to our simulations, all concurrent flows sources[11, 12,13, 18].

receive their guaranteed minimum share of bandwidth in ~ We believe future integrated platforms must implement
compliance with a given bandwidth allocation. The aver- robust QoS support for botherformance isolatio@nddif-
age throughput degradation of GSF on a8mesh network  ferentiated servicesPerformance isolation is the property

is within 10 % compared to the conventional best-effort VC that a minimum level of performance is guaranteed regard-
router in most cases. less of other concurrent activities (e.g., preventing deni

of-service attacks to DRAM channels [21]). Differenti-
ated services is the ability to allocate each resource fiexib
1 Introduction among competing tasks.
Robust QoS support is only possible if all shared re-
Advances in fabrication technology allow the integra- sources are managed together, as an application’s guaran-
tion of many processors on a chip to form a chip mul- teed service level is determined by the weakest guarantee
tiprocessor (CMP), possibly in the form of a complex for any of its shared resources. For example, allocating a
system-on-a-chip (SoC) with custom application accelera-portion of off-chip memory bandwidth at a memory con-
tors (Figure 1). These platforms will be required to sup- troller is ineffective if the on-chip network does not guara
port a variety of complex application workloads, with pos- tee adequate bandwidth to transport memory requests and
sibly hundreds to thousands of concurrent activities com-responses. Even in a case where the on-chip network is not
peting for shared platform resources. Without effective a bandwidth bottleneck, tree saturation [27] can produce a
quality-of-service (QoS) support, the gap between best-ca tree of waiting packets that fan out from a hotspot resource,



thereby penalizing remote nodes in delivering requests toQoS systems, where QoS is more difficult to provide as
the arbitration point for the hotspot resource. Figure 2 pro each request passes through multiple stages of arbitration
vides a motivational example, showing how poorly multi- Finally, we examine other proposals for QoS in on-chip net-
hop on-chip networks perform with no QoS support. Al- works.
though there has been significant prior work in QoS support
for other on-chip resources such as memory controllers (0of-2.1 QoS Support for Resources with
ten combined with on-chip bus) [3, 15, 18, 22] and shared Centralized Arbitration
cache banks [13, 14, 23, 26], there has been less work
on QOS Support for mu|ti_h0p On_chip networks in pro- Oﬁ'Ch|p memory bandwidth is often a performance bot-
grammable platforms. tleneck and is a natural target for QoS support. For ex-
In this paper, we present a new schen@pbally- ample, to target real-time applications, Philips’ TM-1 pro
Synchronized Frames (GSFp implement QoS for multi- ~ C€SSOr supports bandwidth and latency guarantees among
hop on-chip networks. GSF provides guaranteed and differ-one VLIW processor and four DMA engines [3]. More re-
entiated bandwidth as well as bounded network delay with- cently, Nesbit et al. have proposed a QoS memory system
out significantly increasing the complexity of the on-chip for CMPs based on a Fair Queueing (FQ) algorithm [22].
routers. In a GSF system, time is coarsely quantized into The FQ algorithm requires the memory controller to have
“frames” and the system only tracks a few frames into the Per-flow queues and maintain per-flow statistics such as vir-
future to reduce time management costs. Each QoS packettual start and finish times, which causes a scalability con-
from a source is tagged with a frame number indicating the C€rn for future manycore processors. The resource alloca-
desired time of future delivery to the destination. At any tion management unit of the Cell Broadband Engine sup-
point in time, packets in the earliest extant frame are mute POrts Q0S for system memory and /O interfaces [15]. To
with highest priority but sources are prevented from insert reduce the overhead of per-flow data structures, each re-
ing new packets into this frame. GSF exploits fast on-chip guester is assigned to a resource allocation group (RAG)
communication by using a global barrier network to deter- @nd the system allocates a percentage of the managed re-
mine when all packets in the earliest frame have been deliv-SOUrces to each RAG. o
ered, and then advances all sources and routers to the next There are also proposals for QoS provision for shared
frame. The next oldest frame now attains highest priority ©N-Chip caches. Suh et al. propose a non-uniform cache
and does not admit any new packets, while resources frompPartitioning scheme to minimize the overall miss rate, but
the previously oldest frame are recycled to form the new Without consideration of guaranteed services to an individ
futuremost frame. ual thread [26]. lyer’s cache controller in the CQoS frame-
Provided that the pattern of injected packets in each work enforces the priority of each thread to allocate cache

frame does not oversubscribe the capacity of any hard-lines appropriately [14]. Both schemes manage cache space

ware link, the system can switch frames at a rate that susPut not access bandwidth. Virtual Private Caches (VPC)

tains any desired set of differentiated bandwidth flows with Manage both shared cache bandwidth and storage [23].

a bounded maximum latency. Note that bandwidth and _ The Q.oS-capabIe_sh.ared resources discussed in this sec-
latency are decoupled in this system, as multiple framestion are important building blocks for g_uaranteed.QOS sys-
can be pipelined through the system giving a maximum ter_ns, but QoS support from the on-chip network |s_also re-
latency of several frame switching times. The scheme duired to make system-level QoS guarantees possible.
does not maintain any per flow information in the routers,

which reduces router complexity and also avoids penalizing 2.2 QoS Support for Resources with

short-lived flows with a long route configuration step. The Distributed Arbitration

scheme supports bursty traffic, and allows best-efforfi¢raf
to be simultaneously supported with little loss of network
utilization compared to a pure best-effort scheme.

Distributed shared resources, most notably multi-hop on-
chip and off-chip networks, require multiple stages of arbi
tration, which make it more challenging to provide guaran-
teed service to a flow. Several approaches have been devel-
2 Reated Work oped to address this issue, either for the IP networks, or for

multichip multiprocessor networks.

We begin with a survey of related work which we divide (Weighted) Fair Queueing [7] and Virtual Clock [32]
into three parts. We first examine schemes to manage rewere developed for QoS in long-haul IP networks where
sources with centralized arbitration, such as a memory con-arge buffers are available. These achieve fairness ard hig
troller or a shared bus, where providing QoS is relatively network utilization, but each router is required to maintai
easy because there is a single gateway through which all reper-flow state and queues which would be impractical in an
guests pass. We next examine earlier work in distributed on-chip network.
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Figure 2: Motivation for QoS in on-chip networks. All nodesrgrate traffic toward a hotspot shared resource locat&Baf{ndicated by
arrow) with injection rate of 0.05 (flits/cycle/node), ait tbar graph shows accepted service rate per node by th@hmspurce. In (a),
locally-fair round-robin (RR) scheduling leads to glolalinfair bandwidth usage, penalizing remote nodes. Thémaikadaptive routing
in (b) eliminates the imbalance of traffic betweerandy directions in (a), and possibly helps mitigate the problara lightly-congested
network, but does not fundamentally resolve the problem. goposed GSF scheme in (c) guarantees fair bandwidthagitmcamong
all sharers. All three networks achieve comparable avetageighput. See Section 6.1 for detailed simulation setup.

In multi-rate channel switching [29], the source rate of 2.3 QoS-Capable On-Chip Networks
a flow is fixed at an integer multiple of a basic rate before
the source starts transmission and remains unchanged for The on-chip environmenthas different opportunities and
the duration of the flow. Because of the fixed rate, it can- challenges compared to the off-chip environment, leading t

not claim unused bandwidth efficiently, which leads to low different design tradeoffs. For example, on-chip networks
network utilization. are buffer (power) limited while multiprocessor networks

are often pin-bandwidth limited. Network latencies differ

rate at a source node primarily for congestion control [27]. by muItlp!e o_rders of mag”'t!*de' V\.'h'Ch. affects the cost of
synchronization. The following briefly introduces several

This keeps the network from suffering overall throughput oroposals for Q0S support in on-chip networks, represent-

degradation beyond the saturation point, but does not pro-! th { state-of-the-art
vide QoS to individual flows. Ing the current state-or-the-art.

o . FAthereal uses pipelined time-division-multiplexed
Age-based arbitration is known to provide strong global (TDM) circuit switching to implement guaranteed per-
fairness. Each packet (or flit) carries information to indi-

formance services [10]. Each QoS flow is required to

cate its age, either a counter updated at every hop [25], Orexplicitly set up a channel on the routing path before

atimestgmp issued when the packet first enter; the newVorliransmitting the first payload packet, and a flow cannot
from Wh'.Ch age can be calculated by_ subtractlng fr_om_the use more than its guaranteed bandwidth share even if
current time [5]. The oldest packet wins in any arbitration the network is underutilized. To mitigate this problem,

s_tep. This ap_proach lacks flexibility in band_width alloca- FAthereal adds a best-effort network using separate queues,
tion pecause It dO?S not aII(_)W_ for asymmeltric resource al-p it this introduces ordering issues between the QoS and
Iocgnor.], and requires sophisticated logic to handle aging best-effort flows.
arbitration and counter rollover. SonicsMX supports guaranteed bandwidth QoS without
Rotating Combined Queueing (RCQ) is designed for a explicit channel setup [30]. However, each node has to
multiprocessor and provides predictable delay bounds andmaintain per-thread queues, which make it only suitable for
bandwidth guarantees without per-flow queues at intermedi-a small number of threads (or having multiple sources share
ate nodes (though it still maintains per-flow statistic§][1 5 single queue). The Nostrum [20] Network-on-Chip (NoC)
The idea of rotating priorities in a set of queues is similar employs a variant of TDM using virtual circuits for allocat-
to GSF, but GSF further simplifies the router using global ing bandwidth. The virtual circuits are set up semi-stdiica
information, which is only feasible in an on-chip environ- across routes fixed at design time and only the bandwidth is
ment. With RCQ, each packet is assigned a local framevariable at runtime, which is only suitable for application
number using per-flow statistics upon arrival at every node specific SoCs. The MANGO clockless NoC [2] partitions
on the path. In contrast, the frame number in the GSF isvirtual channels (VCs) into two classes: Guaranteed Ser-
global, which eliminates expensive book-keeping logic and vice (GS) and Best-Effort (BE). A flow reserves a sequence
storage at each node. of GS VCs along its path for its lifetime. Therefore, the

Source throttling dynamically adjusts the traffic injecatio



H i a unit of payload data bottleneck link
number of concurrent GS flows sharing a physical channel with associated deadine tag (chanme rate C)

is limited by the number of GS VCs (e.g., 8 in [2]). Felici- = =

jan et al. propose a clockless NoC which provides differen- @’Em" arbiter|: MUX2 ’fﬁ" arbiter _
. . L. . oo 1 ik = 3
tiated services by prioritizing VCs. Though this approach @- Hiiiin 2511111 g P Jfﬂfﬂ]*

delivers improved latency for certain flows, no hard guaran- MUX1 = 2 [F MUX3
tees are provided [8]. ’Eﬂ]ﬂ‘

_ : Figure 3: A three-node queueing network with perfect ptyori
3 G|Oba”y SynChronlzed Frames (GSF) queues with infinite capacity. Dotted rectangles are a niétwo

In this section, we present the design of GSF starting component ca!led “MUX”, which merges Fwo incoming flows into
from an idealized deadline-based arbitration scheme for@ Singlé outgoing one. Each packet carries an associatefiruza
bandwidth guarantees. We then transform this scheme step"EanI the priority queue can dequeue the packet having the earl

b . imol ble GS . d sched Iest deadline. The arbiter and the priority queue are assumed
; y-stlep '_r::]o an implementable F queueing and schedu ‘have zero-cycle delay, which implies a packet just gendratany
ing algorithm.

source can be immediately forwarded to the sink at chante(ta

through the combinational path if the packet wins all agtitms
3.1 Global Deadline-Based Arbitration on the path.

for Bandwidth Guarantees _ o _
each flow’s distance from the destination. Figure 4 com-

GSF was originally inspired by deadline-based arbi- pares three arbitration schemes: round-robin, age-baskd a
tration, which is a generalization of age-based arbitra- deadline-based with the deadline assignment policy pre-
tion [1, 5, 6, 25]. In age-based arbitration, each packet sented above. Note that the deadline-based scheme provides
carries a global timestamp, issued when the packet entergandwidth distribution to all flows proportional to the mati
the network, and each arbiter (router) forwards the packetof p’s at all congested links. This result holds even if we
with the earliest timestamp first. Instead of using the times have non-zero delay for arbitration and/or queue bypassing
tamp, we allow each source to assign a deadline other thams long as the priority queue has an infinite capacity. In such
the current time according to a deadline assignment policy.a case, two flows sharing a congested link eventually enter
Our premise is that we can achieve a desired flow property,into the steady state of proportional bandwidth sharingraft
including guaranteed minimum bandwidth, by controlling a finite winning (losing) streak by the remote (local) node
deadline assignment policy, at least in an idealized setup. starting when the two flows first meet at the congested link.

Figure 3 shows a network from such an idealized setup, The length of the winning (losing) streak is determined by
where each queue is a perfect priority queue with infinite the relative difference of the distance to the congestéd lin
capacity, capable of instantly dequeuing the packetwithth  Although deadline-based arbitration provides minimum
earliest deadline. Dotted rectangles are a network compo-handwidth guarantees to flows using the proposed policy
nent which Cruz [4] introduced and named “MUX". Since in the idealized setup, there are several issues that make
we assume zero-cycle delay for arbitration and queue by-this scheme infeasible to implement. First, the scheme is
passing, the entire network conceptually reduces to aesingl based on perfect priority (sorting) queues and infinitediz
priority queue having four input ports and one output port, buffers. Second, there is a large overhead for sending and
with a total ordering among all packets according to their storing the deadline along with the payload data. There-

deadlines. _ _ ~ fore, we propose a practical implementation approximating

To provide bandwidth guarantees, we assign the deadlinehe behavior of the ideal deadline-based arbitrationgdall
for then-th packet of Flow (d}) as follows: baseline GSF

di'(pi) = MAX [current time, d} "] + L}/ (piC) 3.2 Baseline GSF

wherep; is the guaranteed minimum bandwidth of Flow To make deadline-based arbitration practical, we adopt
i represented as a fraction of channel bandwi@dtfo < a frame-based approach [31]. The original deadline-based
pi < 1)andL} is the length of the:-th packet of Flowi. arbitration is a priority-based approach, where competing

This formula directly follows from what is known as the packets’ priorities are compared to determine which packet
virtual finish timein the Fair Queueing algorithm [7]. The is allocated buffer space and switching bandwidth first. In
deadline specifies the time when a packet’s last bit arrivescontrast, a frame-based approach groups a fixed number of
at the destination if the channel were infinitely divisibiela  time slots into a frame and controls the bandwidth alloca-
shared by multiple packets simultaneously transmitting ac tion by allocating a certain number of flit injection slots pe
cording to their guaranteed sharegss), provided we ig- frame to each flow.
nore the network traversal delay, which is dependent upon Figure 5 shows a step-by-step transformation towards
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Figure 4: Per-source accepted throughput at the sink witbwsarbitration schemes in the network shown in Figure@téal vertical lines
indicate minimum injection rate causing congestion. Iralbefair round-robin arbitration in (a), which does noteuthe deadline field,
the throughput of a flow decreases exponentially as the nuaili®ps increases. Age-based arbitration in (b), wherdldesais assigned
as network injection time, gives fair bandwidth allocatamong all flows. With deadline-based arbitration with théqydor bandwidth
guarantees in (c), we achieve bandwidth distribution pridmaal to the ratio ofp’'s (p1 : p2 : p3 : pa = 0.30 : 0.50 : 0.15 : 0.05) in face
of congestion.
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Figure 5: Step-by-step transformation towards a framedhaapproximate implementation of deadline-based attuitra (a) shows the
ideal MUX introduced in Section 3.1, which is associatechvaach physical link. In (b), we group all data entries havangange of
deadlines (whose interval i8) to form aframe The frame number is used as a coarse-grain deadline, andwdrop the deadline (or
frame number) field because each frame has an associategl litdfar. Finally, we recycle frame buffers, with W activarres, as in (c)
to give a finite total buffer size.

a frame-based, approximate implementation of deadline-tain number of flits, denoted hi; for flow . Although our
based arbitration. Franieis associated with packets whose scheme is similar to conventional frame-based bandwidth
deadline is in the range ¢k F + 1, (k + 1)F], whereF'is allocation schemes, we alloW frames to overlap at any
the number of flit times per frame. The frame numbés given time to accommodate bursty traffic while preventing
used as a coarse-grain deadline. By introducing frames, wean aggressive flow from injecting too much traffic into the
enforce an orderingcrossframes but nowvithina frame be-  network.

cause the service order within a frame is simply FIFO. The Once a packet is injected into the network, it traverses

baseline GSF arbitration is shown in Figure 5(c), where we o hetywork using only the frame buffers for its given frame

have a finite active frame window having f_rames (ie., number. Therefore, there is no possibility of priority inve
Frame_k: through & + W — 1)) and each active fram_e has sion, where a lower-priority packet blocks a higher-ptiori

a dedicated framg b_uffer (FIF_O) whose depth_Bsfhts. packet. Combined with earliest-frame-first scheduling for
The head pomter_lndlcates which frame. t_’“ffer IS currently bandwidth allocation, the head frame is guaranteed to drain
bound to the earliest frame (frame buffgin the figure), in a finite amount of time because only a finite sum of pack-

which we call thenead frame Note that the baseline GSF ets can be injected into a single frame by all flows. The

in Figyre 5(c)is an gsymptptic_implementation of the ideal drained head frame buffers across the entire network are
deadline-based arbitration in Figure 5(a) because thedorm reclaimed and allocated to a newer frame synchronously,

reduces to the latter 48" — oo andF” — 1. which is called ar{active) frame window shift

Here is a brief sketch of how the GSF network operates. We define arepochas the period of time between adja-
For each active frame, every flow is allowed to inject a cer- cent frame window shifts, and the interval of thh epoch



([ Variables] _ Range | Description [ Algorithm 1 GSF packet injection algorithm into source

Global parameters and variables* . . "
W o ctive Frame window Size gueue for Flow (©y: moduloWW addition)
HF 0.(W—-1) current head frame Initialize: epoch=0,HF; = HF =0
F 1. 00 frame size in flits Initializes R; = C; = |pi F
B 1. 00 frame buffer depth in flits Initialize: IF; = 1
¢ (0.1 channel bandwidth in flits/cycle 1: AT EVERY PACKET GENERATION EVENT
LMAa 1..00 maximum packet length in flits 2 if C, > 0 then
epoch** 0..00 current epoch number . ’
e 1. MAX interval of k-th epoch i: gourchueueZefq‘(pa(c)ket, IFi)
n i N i i — pacrket.size
il Lo maximum epoch interval (maxy ) 5: ese ~Z{usedlu ZII reserved slots in Frafg }
Tepoch g ¢MAX epoch timer 6: bl P dqC 4
Per-flow variables © while (IF; ®w 1) # HF; andC; < 0 do
) 0.1 a fraction of bandwidth allocated to 7. C=C+R
Flow i (normalized taC') 8: IF; =IF; w1
R; 0.F flit slots reserved for Flow 9: end while
in a single frame 10: if C; > 0then
IF; 0.(W-—-1) current injection frame of Flow 11: éourceQueue eng(packet, IF;)
C; LMAX R, available credit tokens for Flow 12: C -G ;ﬁ t.size() it
to inject flits tol F; ) i = i T packet.size
13:  endif

* Global variable with a subscrigtdenotes a local copy of the ;
variable maintained by Flow 14: end if
** not implemented in hardware

Table 1: Variables and parameters used in GSF. by eMAX Therefore, we shift the active frame window at

everyeMAX cycles by default. Every flow maintains a lo-
(i.e., the period of time when frameis the header frame)  cal copy @epoch) of the global epoch timerZ{¢*°c") and
is denoted by:,. We also define’ 4~ = maxy,ex. Ta-  decrements it at every clock tick (Lines 9-10). Once the
ble 1 summarizes variables and parameters used in the GSEmer reaches zero, all the flows synchronously increment
algorithm. More detailed description of each network com- the head frame pointéd F; (mod V) to reclaim the frame
ponent's operation follows. buffer associated with the earliest frame.

Packet injection process: Algorithm 1 describes a The frame window shifting algorithm does not allow a
packet injection algorithm used by the baseline GSF net-flow to inject a new packet into the head frame (Lines 4-7).
work. Flow i can inject packets into the active frame Qtherwise, we would have a very loose bound on the worst-
pointed to by/F; as long as it has a positive credit bal- case drain time of the head frame"{*X), which would
ance (U; > 0) for the frame (Lines 2-4). The flow can go degrade network throughput.
overdrawn, which allows it to send a packet whose size is
larger thank;. To preserve bandwidth guarantees, a flow Ajgorithm 2 GSF frame window shifting algorithm(y :
with negative credit balance cannot inject a new packet un-moduloW addition)
til its balance becomes positive again. Initialize. TPoh — oMAX

If the flow has used up all reserved slots in Frah#g, it Initialize: HF; = HF = 0
can use reserved slots further in the future by incrementing 1: FOR ALL FLOWS, AT EVERY CLOCK TICK:

IF; by one (modV) (Lines 5-13) until it hits the tail of the ~ 2: if T;"*" ==0 then

H H 3: HF; = HF; 1
active frame window. Once the flow uses up all reserved ;. g __ ﬁ'i‘,”then
slots in the active frame window, it must stall waiting fora s: IF; = IF; ®w 1
frame window shift to open a new future frame. Note that 6: Ci=MIN(R;,C; +R;)
7. endif
s

this injection process is effectively implementing a token
bucket filter [4] with(p, o) = (R;/eMAX, R;x W) assuming 9 dse
the active frame window shifts at eves)/ 4X cycles. 10 TePoch — yepoch _y
Switching bandwidth and buffer allocation: Frame ~ 11:endif
buffer allocation is simple because every packet is asdigne
aframe at the source, which determines a sequence of frame In effect, the GSF network implement¥ logical net-
buffers to be used by the packet along the path. Thereworks sharing physical channels, and each logical network
can be contention between packets within a frame but notis associated with one frame at any point in time. THe
across frames. In allocating switching bandwidth, we give logical networks receive switching bandwidth according to
the highest priority to the earliest frame in the window. priorities which rotate on every frame window shift. A log-
Framewindow shifting algorithm: Algorithm 2 shows ical network starts as the lowest-priority logical network
an algorithm used to shift the active frame window. Source when it is just assigned to a new frame, and is promoted
injection control combined with earliest-frame first schied  throughout the lifetime of the frame to eventually become
ing yields a finite drain time for the head frame, bounded the highest-priority network, after which it finally getsre

T:poch — MAX




claimed for the new futuremost frame. head frame buffer at each router serves as an escape channel
The baseline GSF network provides the following guar- for packets that belong to the head frame.

anteed bandwidth to flowif (1) none of the physical chan- According to our evaluation, the carpool lane sharing

nels along the path are overbooked and (2) the source queuscheme increases the overall throughput significantly be-

(SourceQueue;) has sufficient offered traffic to sustain the cause more frame buffers are available to a packet at each

reserved bandwidth: node. That is, any packet can occupy any frame buffer, ex-
cept that the head frame buffers are reserved only for pack-
Guaranteed bandwidth= R;/eMAX ‘ ets in the head frame. To support best-effort traffic, we can

simply assign a special frame numbé¥ ( for example)

The proof sketch is simple. Flowcan injectR; flits which represents the lowest priority all the time.

into each frame, and the network opens a new frame every

eMAX cycles. Because the network does not drop any pack-3.4 Early Reclamation of Empty Frames:

ets and has a finite buffer size, the guaranteed bandwidth Increasing Frame Reclamation Rate

holds. In addition, the worst-case network delay is bounded _ _ )

by WeMAX pecause a packet injected irth epoch must One |mp0rtant.fact0r affectmg the ovgrall throughqu in

be ejected from the network by the beginninglofi(1¥)-th the GSF network is the frame window shift rate. According

epoch. to our analysis, only a small fraction ef’s ever come close
Although the baseline GSF scheme provides guarantee&o_eM_AX’ which implies that the head frame buffer is often

services in terms of bandwidth and bounded network de-Yind idle waiting for the timer to expire in each epoch.

lay, there are several drawbacks to the scheme. First, frame 1herefore, we propose to use a global barrier network to

buffers are underutilized, which degrades overall threugh "€claim the empty head frame as quickly as possible. In-

. o iep it MAX
put for a given network cost. Second, it is difficult to bound Stéad of waiting fore cycles every epoch, we check
¢MAX tightly, which directly impacts the guaranteed band- whether there is any packet in the source or network buffers

width. Even with a tight bound, it is too conservative to that belongs to the head frame. If not, we retire the head
wait for eMAX cycles every epoch because the head frameframe immediately and allocate its assouated_bufferseo th
usually drains much faster. new futuremost frame. Note early reclamation does not
break the original bandwidth guarantees, because we al-
ways see a net increase, or at worst no change, in available
flitinjection slots.

Figure 6 shows that early reclamation provides %
improvementin network throughputin exchange for a small
increase in area and power for the barrier network. The
barrier network is only a small fraction of the cost of the
rprimary data network, as it uses only a single wire commu-
nication tree and minimal logic.

To address these two issues without breaking QoS guar
antees, we propose two optimization techniquestpool
lane sharingandearly reclamation of empty head frames

3.3 Carpool Lane Sharing of Frame
Buffers: Improving Buffer Utilization

One observation in the baseline GSF scheme is that gua
anteed throughput does not really depend on the active
frame window size]//. The multiple overlapping frames
only help claim unused bandwidth to improve network uti- 4 | mplementation
lization by supporting more bursty traffic. As long as we
provide a dedicated frame buffer for the head frame at each The GSF frame structure fits well into the architecture of
router to ensure a reasonable valuee&4X, we do not a conventional virtual channel (VC) router, requiring only
compromise the bandwidth guarantees. relatively minor modifications. This section discusses the

We propose carpool lane sharing to relax the overly re- GSF router architecture and the fast on-chip barrier net-
strictive mapping between frames and frame buffers. Now work.
we reserve only one frame buffer to service the head frame
(like a carpool lane), called the head frame buffer, butvallo 4.1 GSF Router Architecture
all active frames, including the head frame, to use all the
other frame buffers. Each packet carries a frame number Figure 7 shows a proposed GSF router architecture. This
(modW) in its head flit, whose length idog, W] bits, and router implements both carpool lane buffer sharing and
the router services the earliest frame first in bandwidth andearly frame reclamation on top of the baseline GSF. Starting
buffer allocation. The frame window shifting mechanism from a baseline VC router, we describe various aspects and
does not change. Note that head-of-line blocking of the design issues in the GSF router.
head frame never happens because we map frame buffers Baseline VC router We assume a three-stage pipelined
to virtual channels (allocated on a per-packet basis) amd th VC router with lookahead routing [9] as our baseline. The
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Figure 6: Frame life time analysis for comparison of framaae ¢
mation rates with and without early reclamation. Althougle t ¢ oS
estimatede™ 4% = 1500 is within 10% of the observed worst- VCO o
casee™“X  the early reclamation increases the frame reclamation ver [
rate by>30%, which leads to corresponding improvement in the VC2 (2 oW
average throughput. See Section 6.1 for simulation setgpustl VC3 (=)

a hotspot traffic pattern with injection rate of 0.05 flitet®/node.

three stages are next-hop routing computation (NRC) in par-

allel with virtual channel allocation (VA), switch allodah Figure 7: A GSF router architecture for 2D mesh network. Newl

(SA) and switch traversal (ST) added blocks are highlighted while existing blocks are show

Added Blocks Each router node keeps a local copy of gray-
the global head frame/{F") variable. This variable incre-  ably large, the impact is more visible for a traffic pattern
ments (modW) at every frame window shift triggered by  having a high turnaround rate of frame buffers.
the global barrier network. Each VC has a storage to main-  One way to achieve barrier synchronization is to use a
tain the frame number (mod”) of the packet it is servic-  fully-pipelined dimension-wise aggregation network [27]
ing. The frame number at each VC is compared againstin this network, assuming a 2D mesh, the center node of
H F to detect any packet belonging to the head frame. Theneach column first collects the status of its peers in the same
the global barrier network gather information to determine column. Then, it forwards the information to the center
when to shift the frame window appropriately. node of its row where the global decision is made. A broad-

Next-Hop Routing Computation (NRC) In order to  cast network, which operates in reverse of the aggregation
reduce the burden of the VA stage, which is likely to be network, informs all nodes to rotate their head frame point-
the critical path of the router pipeline, we precalculate th ers (i F). For k-ary n-cube (or mesh) network, the latency
packet priority at this stage. The packet priority can be ob- of the synchronization will ben[%1] cycles assuming
tained by( frame_num— HF') (modW). The lowest num- one-cycle per-hop latency.
ber has the highest priority in VC and SW allocation. When  Alternatively, we can implement a barrier network using
calculating the routing request matrix, NRC logic is respon  combinational logic which might take multiple fast clock
sible for masking requests to VCO from non-head frames, cycles to settle. This requires significantly less area and
because VCO is reserved for the head frame only. power, and provides lower latency as cross-chip signakprop

VC and SW allocation VC and SW allocators perform  agation is not delayed by intermediate pipeline registers.
priority-based arbitration, which selects a request wih t  |f propagation takesV fast clock cycles, we could sample
highest priority (the lowest number) precalculated in the each router’s state and read the barrier signal eDéry-
previous NRC stage. The GSF router uses standard creditcles to determine when to perform a frame window shift.
based flow control. For evaluation, we use a variable number of cycles up to

2n[ 1] cycles.

4.2 Global Synchronization Network

The latency of the global synchronization network af- 5 System-Level Design Issues
fects the overall network throughput because higher laten-
cies leave VCO (the carpool channel) idle for longer. Al- A QoS-capable on-chip network sits between processors
though our proposed router is generally tolerant to the la- running the software stack and shared platform resources.
tency of the barrier network if the frame sizE)(is reason-  This section addresses issues in interacting with these two



ends of the system to provide robust QoS support. [_Simulation parameters [ __Specifications ]|

.. L. . C t
Admission control: Admission control is a software TooToEy T e 7D TESh
process that should guarantee that no channel in the network Routing dimension-ordered
; H ; T T R Router pipeline VA/NRC - SA - ST
is oversubscribed. That is, suppdse= {i1, i, - ,i,}iS (per-hop latency) (3 cycles)
a set of flows that pass through Channelrheny Channel Credit pipeline delay 2 cycles
H . _ (including credit traversal)
cin the network,) ;. g R; < F should hold. To keep net Number 6 Vs per channal (1) <
work utilization high, each flow can be granted more than Buffer depth (B) 5 flits / VC
the minimum number of slots required where possible, as Channelcapacity (C) |  1flit/cycle I
. o . . VC/SW allocation scheme | iSlip [19] (baseline) or GSH
th_e maximum number of flits in flight from flow at any Packetsize Tor 9 fiits (50-50 chance)
given time is upper bounded By R;. If a new flow en- Traffic pattern variable
f . GSF parameters
ter; |n.to a previously res.er_ved. channel, the sqftwarg stack acivefamewindowsize (W) | same as number of VCs
redistributes the excess injection slots according toxts e framesize (F) 7000 fiits
cess bandwidth sharing policy. Note that our GSF scheme globalbarrieclatency (S) 16 cycles

does not require any explicit channel setup, and so only the
R; control register at each source must be changed. If there
are multiple clock domains, possibly with dynamic voltage-

frequency scaling (DVFS), any channeshould provide at @S follows: hotspotd; ;) = (8,8)), transposed; ;) =

least the sum of guaranteed bandwidths on the channel tdJ: ¢)), hearest neighboki(; ;) = (i + 1,7 + 1) (mod 8))
preserve QoS guarantees. and uniform randomd(; ;) = (r andon{( ) , r andon() )).
Specifying bandwidth requirements: To specify re- Hotspot and uniform random represent two extremes of net-

quested bandwidth, one can use either a relative measurd/0'k usage in terms of load balance for a given amount of
(e.g., 10 % of available bandwidth) as in [24] or an abso- traffic. The other two model communication patterns found

lute measure (e.g., 100 MB/s). If a relative measurés in re_al applicat?ons, e.g. FFT fo_r transpose, and fluid dy-
given, R; can be set to bg; F'. If an absolute measui@lV namics simulation for nearest neighbor.

(in flits/cycle) is usedR; can be set to beB§W x eMAX),

eMAX s a function of traffic pattern, bandwidth reserva- 6.2 Fair and Differentiated Services

tion, frame size, packet size, global synchronizatiomaye

and so on, and it is generally difficult to obtain a tight bound Ve first evaluate the quality of guaranteed services in
(Currently, we rely on simulation to get a tight bound.) terms of bandwidth distribution. Figure 8 shows examples

GSF-based integrated QoS framework: We can ex- of fair and differentiated bandwidth allocation in accagsi

tend the domain of GSF arbitration into other QoS-capabIehOtSDOt nodes. Figure 8 (a) and (b) illustrate QoS guar-
shared resources, such as memory bandwidth at a share@"€€s on a 88 mesh network and (c) on a %86 torus
memory controller. A single global deadline (frame num- network. In both cases, the GSF network prowde_s guaran-
ber) assigned at the source could also be used to manag@ed_ QOS to _each fl(_)w. We are able_to achieve this without
end-point bandwidth usage to create a GSF-based integratea'gr"f'Cantly increasing the complexity of the router partl

QoS system. We leave development of this integrated Qo ecause the complex task of prioritizing packets to provide
environment for future work guaranteed QoS is offloaded by the source injection process,

which is globally orchestrated by a fast barrier network. We
make the case for using a simple secondary network (bar-
rier network) to control a primary high-bandwidth network

In this section, we evaluate the performance of our pro- 1© improve the efficiency of the primary network (i.e., to

posed GSF implementation in terms of QoS guarantees and©Vide more sophisticated services in our case).

average latency and throughput. We also discuss tradeoffs FOr all the simulation runs we performed, we confirmed
in the choice of network parameters. that bandwidth is shared among all flows in compliance

with the given allocation. Therefore, for the rest of thisse
tion, we focus on non-QoS aspects such as average through-
put and tradeoffs in parameter choice.

Table 2 summarizes default parameters for evaluation.
We implemented a cycle-accurate network simulator basedg.3  Cost of Guaranteed QoS and

Table 2: Default simulation parameters

6 Evaluation

6.1 Simulation Setup

on the booksimsimulator [28]. For each run, we simu- Tradeoffs in Parameter Choice
late 0.5 million cycles unless the simulation output sgega
early, with 50 thousand cycles spent in warming up. The cost of guaranteed QoS with GSF is additional hard-

We use an &8 2D mesh with four traffic patterns where ware including an on-chip barrier network and potential
the destination of each source at Nodgj) is determined  degradation of average latency and/or throughput. Un-
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Figure 8: Fair and differentiated bandwidth allocation liotspot
traffic. (a) shows fair allocation among all flows sharing #spot
resource located at (8,8). In (b), we partition-a®BCMP in mesh
topology into 4 independent groups (e.g., running 4 copiesro
tual machine) and provide differentiated services to thaded
pendent of their distance from the hotspot. In (c), we partit
a 16x16 CMP in torus topology into 22 processor groups and
allocate bandwidth to four hotspots in a checkerboard patte

less a router haa priori knowledge of future packet ar-

the most visible in uniform random traffic because it has the
lowest average epoch interval'¢ = ( ff:_Ol ex)/N).
Assuming 16-cycle barrier synchronization latenéy €

16), S/eAV ¢ ratios are 0.32, 0.15 and 0.09 for uniform ran-

dom, transpose and nearest neighbor, respectively.

There are two main reasons for degradation of network
saturation throughput: underutilization of the head frame
VC (VCO0) and finite frame window. Because VCO at each
node is reserved to drain packets in the head frame, dfly (
1) VCs are available for packets in the other active frames.
The finite frame window prevents a flow from injecting
more traffic than its reserved flit slots in the active frame
window even when there are unclaimed network resources.

Figure 10 explains the impact of these two factors on av-
erage accepted throughput. With a small number of virtual
channels, e.gV'=2, the throughput gap between GSF and
baseline is dominated by underutilization of VCO and in-
creasing the window size froW to 21V does not improve
throughput much. As the number of VCs increases, the
gap narrows, and the performance gain from a wider win-
dow becomes more significant. To have enough overlap of
frames to achieve over 90% of the throughput of the base-
line VC router, the number of VCs should be at least four in
this network configuration. With 8 VCs, the GSF achieves
a comparable network throughput at the cost of increased
average latency. We choose the 5 (virtual channelsx
buffers) configuration by default.

In choosing the window sizéX), a larger window is de-
sirable to overlap more frames, thereby increasing overall

rivals, it must reserve a certain number of buffers for fu- network throughput. However, the performance gain only
ture high-priority packets although there are waiting pack comes with a cost for more complex priority calculation

ets with lower priorities. This resource reservation is es- and arbitration logic. According to our simulation, incsea
sential for guaranteed QoS but causes resource underutiing 1V to be larger than 2 gives only marginal throughput
lization, degrading average-case performance. Thereforegain. Therefore, we choose the frame window sié) to
itis our primary design goal to provide robust average-casebe V' by default as a reasonable design tradeoff.

performance over a wide range of network configurations
and workloads. Note that robust performance by the GSF
framework entails setting QoS parameters appropriately fo
a given workload.

Figure 9 shows the average latency versus offered load
over three different traffic patterns. For uniform ran-
dom traffic, we allocatd F'/64] = 15 flit injection slots
per frame to each source (not to each source-destination
pair), and these slots are shared by all packets from the
same source. For the other traffic patterns, each source-
destination pair is regarded as a distinct flow and allocated
flit slots considering the link sharing pattern.

We first observe that the GSF network does not increase
the average latency in the uncongested region. The net-

normalized average accepted throughput
1.2

1 —
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work saturation throughput, which is defined as the point at Figure 11: Throughput of GSF network normalized to that ef th
which packet latency is three times the zero-load latersy (a Paseline VC router with variablé” (frame window size). Two
in [17]), is degraded by about 12% in the worst case. The traffic patterns (hotspot and uniform random) and three lsymc

performance impact of barrier synchronization overhead is

nization costs (1, 8 and 16 cycles) are considered.
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Figure 9: Average packet latency versus offered load witkettraffic patterns. For each traffic pattern, we considezethlifferent
synchronization costs: 1 (GSF/1), 8 (GSF/8) and 16 cycl&dH®6). Network saturation throughput is the cross poithdbtted line
(BT .ero—10aa line) as in [17]. With GSF/16, network saturation throughgudegraded by 12.1 % (0.33 vs. 0.29) for uniform random,
6.7 % (0.15 vs. 0.14) for transpose and 1.1 % (0.88 vs. 0.87Mdarest neighbor, compared to baseline VC router witlp i8C/SW
allocation.
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Figure 10: Tradeoff in buffer organization with hotspot amiform random traffic patterns. VC buffer configuration igem by V' x B.
The frame window sizel{’) is assumed to be V or 2V. For both traffic patterns, having 4 achieves 90% or higher throughput compared
to the baseline VC router. Generally, increasing VCs impsahe throughput at the cost of increased average laténcys, our default,

is a sweet spot for the specific router architecture we use.

In Figure 11, we explore the choice of frame siZé) ( the end-points. The end-points and network are globally or-
A long frame (whose size iz 1000 in this configuration)  chestrated by a fast barrier network made possible by the
amortizes the overhead of barrier synchronization and ef-on-chip implementation. Our preliminary evaluation of the
fectively increases the size of injection window to support GSF network shows promising results for robust QoS sup-
more bursty traffic, which is likely to improve the network portin on-chip networks.
throughput. The downside is larger source buffers and po-
tential discrimination of remote nodes within a frame. The 8 Acknowledgements
choice depends on workloads, synchronization overhead
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Frames (GSF) to provide guaranteed QoS from on-chip net-
works in terms of minimum bandwidth and maximum de-
lay bound. We show that the GSF algorithm can be easily
implemented in a conventional VC router without signifi-
cantly increasing its complexity. This is possible because
the complex task of prioritizing packets to provide guaran-
teed QoS is pushed out to the source injection process at

7 Conclusion
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