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Abstract present a methodology, and describe algorithms for their design. Ex-

i ; i | results for several example systems, including an ATM
In this paper, we present a general methodology for the design g€fimenta '
custom system-on-chip communication architectures. Our technig itch port scheduler and a TCP/IP Network Interface Card subsys-

is based on the addition of a layer of circuitry, called the Communicatc: indicate that performance (metrics such as number of missed
tion Architecture Tuner (CAT), around any existing communicationd€adlines, average or aggregate processing mea*pf systf_ems ‘l’V'tB
architecture topology. The added layer enhances the ability of thAl-Pased corrémunlcatlon arc_h;ltectLljlres can c‘f significant yI etter
system to adapt to changing communication needs of its constitue an_cor_responh_lng systerlns i\1NIt we f—ohptlmlze COﬂVﬁntIOEa com-
components. For example, more critical data may be handled diffefunication architectures. In the rest of the paper we show that:

ently, leading to lower communication latencies. The CAT monitors e CAT-based communication architectures eaend the power

the internal state and communication transactions of each component, of any underlying communication architecture. The timing be-
and “predicts” the relative importance of each communication trans-  havior of a CAT-based communication architecturiedter cus-

action in terms of its potential impact on different system-level per- tomized tahe needs of each component that is connected to it.
formance metrics. It then configures the protocol parameters of the e The presented CAT design methodology trades off sophistica-
underlying communication architecture . priorities, DMA modes, tion of the communication architecture protocol with the com-
etc) to best suit the system’s changing communication needs. plexity of (and hence, overhead incurred by) the added hard-

We illustrate issues and tradeoffs involved in the design of CAT- ware.
based communication architectures, and present algorithms to auto- e In several cases, the use of CAT-based communication architec-
mate the key steps. Experimental results indicate that performance tures can result in systems that significantly outperform those
metrics €.9. number of missed deadlines, average processing time)  based on any static customization of the protocol parameters.
for systems with CAT-based communication architectures are signifi-
cantly (sometimes, over an order of magnitude) better than those with2 Related Work

conventlonal. communication architectures. There is a large body of work on system-level synthesis of
1 Introduction application-specific architectures, through HW/SW partitioning, and

The evolution of the System-on-Chip (SOC) paradigm in electhrough mapping of the application tasks onto pre-designed cores and
tronic system design has the potential to offer the designer sever@pplication-specific hardware [1, 2, 3, 4, 5, 6, 7, 8]. Those that do not
benefits, including improvements in system cost, size, performancégnore communication altogether, either assume a fixed communica-
power dissipation, and design turn-around-time. The ability to realtion protocol €.g, PCl-based buses), or select from a “communica-
ize this potential depends on how well the designer exploits the cugilon library” of a few alternative protocols. Research on system-level
tomizability offered by the system-on-chip approach. While one di-Synthesis of communication architectures [9, 10, 11, 12] mostly deals
mension of this customizability is manifested in the diversity and conWith synthesis of the communication architecture topology. While
figureability of the components that are used to compose the systel@Pology selection is a critical step in communication architecture
(e.g, processor and domain-specific cores, peripherals, etc.), anoth€€sign, equally important is the design of the protocelg.time-
equally important aspect, is the customizability of the system comslice based [13], static priority based [14}c) used by the chan-
munication architecture. In order to support the increasing diversitji€ls/buses in the selected topology. The VSI Alliance on-chip bus
and volume of on-chip communication requirements, while meetindvorking group [14] has recognized that a multitude of bus protocols
stringent performance constraints and power budgets, communicati®¥!l be needed in order to serve the wide range of SOC communica-
architectures need to be customized to the target system or applicatifiin requirements. Finally, there is a body of work on interface syn-

domain in which they are used. thesis [15, 16, 17, 18, 19, 20, 21, 22], which deals with automatically
. _ generating efficient hardware implementations for component-to-bus
1.1 Paper Overview and Contributions or component-to-component interfaces. These techniques address is-

In this paper, we demonstrate the need for the design of flexibleues in the implementation of specified protocols, and not in the cus-
communication architectures by analyzing example systems and sd@mization of the protocols themselves.
narios in which no static customization of the protocols can com- In summary, we believe that previous work in the field of system-
pletely satisfy the system’s time-varying communication requiredevel design and HW/SW co-design does not adequately address the
ments. The presented technique can be used to optimize any upkoblem of customizing the protocols used in SOC communication
derlying communication architecture topology by enhancing it witharchitectures to the needs of the application. Another characteristic of
Communication Architecture Tuners (CATs) which make it capableprevious research is that the design of the communication architecture
of adapting to the changing communication needs of the components performedstaticallyusing information about the application and its
connected to it. In this paper we illustrate the issues and tradeofisnvironment. In several applications, the communication bandwidth
involved in the design of CAT-based communication architecturesiequired by each component and the relative “importance” of each
communication request, may be subject to significant dynamic vari-

To appear at the 37 Design Automation Conference (DAC), Los Angeles, May ations. As shown later in this paper, in such situations, protocols
2000. used in conventional communication architectures may result in in-

adequate or significantly sub-optimal performance.

2 Communication Architecture Tuners: Design Issues

In this section, we first motivate the need for CAT-based com-
munication architectures by showing how the limited flexibility of
conventional communication architectures can lead to significant de-
terioration in the system’s performance. We then introduce CAT-
based communication architectures and show how they address the
above mentioned drawbacks. Finally, we discuss the key issues and
tradeoffs involved in a CAT-based communication architecture design
methodology.



Example 1: Consider the example system shown in Figure 1 that p— COM M.

requests

represents part of the TCP/IP communications protocol used in a net- —_— CAT

work interface card. The system performs checksum-based encod- CHECKSUM ——— priority =11( size, deadine )
ing (for outgoing packets) and error detection (for incoming packets) b ier | DMAsize =f2( size, deadine )
and interfaces with the Ethernet controller peripheral (which impl MPs IP_CHECK  CHECKSUM (size,

ments the physical and link layer network protocols). Since pack Data & deadline)

i i i i i contro Protocol

in the TCP protocol do not contain any notion of quality of servic f signals ot
(QoS) [23], we have enhanced the packet data structure to contgin* ~

field in the header that indicates a deadline for the packet to be pro- _$_ P - BUSINTERFACE

cessed. We assume that the objective during the implementation ¢Optimized

the system is to minimize the number of packets with missed dead- ™ Memory To communication architecture
lines. (@) (b)
cHecKsuM [ Figure 3: CAT-based architecture for th€Pexample
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Figure 1:TCPsystem from a network interface card: (a) SpecificationFigure 4: Execution of the optimizeBCP system with a CAT-based
and (b) Implementation utilizing a conventional bus-based communiarchitecture

cation architecture _ We attempted to eliminate the problem mentioned above by using
Figure 1(a) shows the behavior of tHECP system as a set g different priority assignmenether.driver > ip_check> checksumh
of concurrent communicating processes. Figure 1(b) shows thfer the bus protocol. The execution of the system under the new pri-
system architecture used to implement th€P system. The ority assignment is depicted in the second waveform of Figure 2. As
ether _driver and pkt queue processes are mapped to em- a result of the new priority assignment, packieasdi + 1 meet their
bedded software running on a MIPS R3000 processor, while thgeadlines, but packgt misses it, due to contention with a request
ip _check andchecksum processes are implemented using dedi-from ether.driver for processing packgt+ 1.
cated hardware. Allcommunications between the system components |n summary, each of the two bus priority assignments considered
are implemented using a shared bus. The protocol used in the shargft the TCP system led to missed deadlines. Further, the arguments
bus supports static priority based arbitration and DMA-mode transfepresented in the previous two paragraphs can be applied to show that
The arbiter and the bus interfaces of the components together implésr every possible priority assignmemither packet + 1 or packetj
ment the bus protocol, which allows the system designer to specifyill miss its deadline. ]
values for various parameters such as bus priorities, DMA block size The example shows a situation where the relative importance
etc . of the communication transactions generated by the various system
We analyzed the performance of thEP system of Figure 1 for componentwariesdepending on the deadlines of the packets they are
several distinct values of the bus protocol parameters. For ease Qfocessing. It demonstrates that conventional communication archi-
explanation, we vary only the bus priority values for each compOyeciyres (i) provide too limited a degree of customizability for systems
nent, with fixed values for the remaining protocol parameters. Anyith stringent performance requirements, and (i) are typically not ca-
abstract view of the execution of thECP system processing four naple of sensing and adapting to the varying communication needs of
packets (numberedi+1,j,j + 1) is shown in Figure 2. The figure e system and the varying nature of the data being communicated.
Indicates the times at which each packet arrives from the networ ) - .
and the deadline by which it needs to be processed. Note that whife‘@mple 2: A CAT-based communication architecture for tfh€P
system is shown in Figure 3(a). CATs are added to each bus mas-

the arrival times of the packets are in the ordr 1,],j+1, the ter and the bus control logic (arbiter and component bus interfaces) is

deadlines are in a different order 1,1,,J + 1. enhanced to facilitate their operation. A more detailed view of a com
Consider the first waveform in Figure 2, which represents the exez - - ey -OI=
cution of the system when the busgpriority assignr%hﬁcksunb ponent with a CAT is shown in Figure 3(b). The component notifies

h h h : the CAT when it generates communication requests. The CAT also
ip_check> etherdriver is used. After the completion of the : h :
eFt)her_driver process for packet the arbiter receives I?wo conflicting observes selected details about the data being communicated and the

. i t's internal state.
bus access requests: procgzsheckrequests bus access to process®CMPONen . .
packeti, while ethetdriver requests bus access to process packey; In this example, the CAT observes the packet size and deadline
i+1 (since packeit+ 1 has already arrived from the network). Based e/ from the header of the packet currently being processed by
on the priority assignment, the arbiter gives bus access to proced¥ component and performs the following functions: (i) it groups
ip_check This effectively delays the processing of packetl un- mmunication events based on the size and deadline of the packet

til ip_checkandchecksunhave completed processing packeThis ~ Cdfrently being processed, and (ii) for events from each group, it de-
Ieags to packets 1 missing its dead‘I)ine. chkejtandjg—fl domeet termines an appropriate assignment of values to the various protocol
their deadlines. parameters. The rationale behind using the deadline is that packets

ol Pl PRIl PLi . N - with closer deadlines need to be given higher importance. In cases
Ll Pk Ay B WA W L when all the packets in the system have roughly equal deadlines, it is
arriyes arrives deadline deadline . "
_ advantageous to favor the completion of packets which are smaller,
i+l since they have a better chance of meeting the deadline. For example,

Casel:
checksum

ip_check > misses P mpifyg H
ether diive 11 —» |deatine the priority is computed using the formua (tq —ta) wheres, t4 and
ta represent the packet size, deadline, and arrival time, respectively.
emecrazeniier ,,,,,,,,,,,,,,,,,,,, TR} j misses The packet sequence of Example 1 was used to drive execution of
in_check > T deadiine - the optimized system of Figure 3. Under a CAT-based architecture,
checksum ! Tt , the systenmeets the deadlines for all the packef¢hen packet + 1
I (which has a tight deadline) arrives, the CAT assigns to the communi-

) I cther_driver [N ip_check checksum . cation requests generated éther.driver a priority higher than those
Figure 2: Execution of thd CP system for various bus priority as- assigned to requests frdpLcheckandchecksumwhich are still pro-
signments cessing packeét This leads to packet+ 1 meeting its deadline. When



packetj + 1 arrives, however, the communication requests generated ,; : | i |

1
1 1 1 1
by etherdriver are assigned a lower priority, allowing_checkand <—>& 1C>©Xé:> ¥ CX%%%:CXSIO . :éogo:ﬁ
checksunto process packegtto completion in order to meet its tight ! ' ! ' !
deadline. '] | Missed deadling ' \
An effective realization of a CAT-based communication architec- k. —
ture hinges on judiciously performing the following steps: _ deadlir — Time -
. . o Figure 6: A trace of bus activity for the system shown in Figure 5
¢ Identifying performance-critical communication events from a
performance analysis of the system. The number of control-flow variables used for this classification
e Detecting the occurrence of these communication events ifas a profound impact on the classification of communication events.
hardware while the system is executing. A good classification should have the properties of a one-to-one map,

i.e., every event classified as critical should indeed be critical, and
rameters (such as priorities and DMA sizes) to the critical®Ve"y critical event should be detected by the classification. Sup-

events, and translating these results into a high-performance inR9S€; in this example, we are allowed to use only one variable for
plementation. classification, saye3 We find that, in all the cases where deadlines

i i are missed, everg3 occurs. Based on this insight, we may choose
In our work, we use aanalysis of the system execution traees ;... — e3. However,e3 often occurs along with non-critical com-
basis for identifying critical communication events. An advantage ofnunication events as well. B3 is used as a classifier, only 16%
using execution traces is that they can be derived for any system f@f the communication events classified to be critical are indeed criti-
which a system-level simulation model exists. The generated traceg|. Thereforeg3could erroneously classify several communication
can be analyzed to examine the impact of individual (or groups ofpvents, and incorrectly increase their priorities, causing system per-
communication events on the system’s performance and identify critprmance to suffer.
ical events. . . . L Figures 7 (a) and (b) plot the percentage of critical communication
In addition to identifying critical communication events, we needevents infeitical, and the percentage Sfcovered byfeiical, VErsus
to correlate their occurrence to otheaisily detectable propertief  the number of variables that perform the classification, respectively.
the system state and data it is processing. If an analysis of the sinthex axis shows the number of variables used to perform the classi-
ulation trace reveals that the occurrence of a critical data-transfer {gation. For example, the best classifier that uses two variables cap-
highly correlated to a specific branch in the behavior of the compotyres 100% of critical communication events, while only 50% of the
nent executing the transfer, the occurrence of the branch might k@& mmunication events classified as “critical” by it are actually criti-
used as a predictor for the criticality of the data transfers generategh|. Note that, in this example, as the number of variables increases,
by the component. The following example examines some tradeofighe percentage of critical communication event$dmica increases.
in designing these predictors. o o This is because, as the number of variables increases, the classifica-
Example 3: Consider the system shown in Figure 5, which is used tdjon criterion becomes more stringent, and non-critical events are less
encrypt data for security before transmission onto a communicationiikely to pass the test. However, simultaneously, critical events could
network. Componentbrocesses the data, determines the coding anéde missed, as shown in Figure 7(b) (note the decrease in the percent-
encryption scheme to be used, and sends the dafomoponent?  age ofScovered as the number of variables used increases). There-
which encodes and encrypts the data before sending it through tiere, one needs to judiciously choose the right number of variables,
shared bus to the peripheral that transmits it onto the network. Figand the right classification functions in order to maximally improve
ure 6 shows the data transfers occurring on the system bus. Thgstem performance. In this example, optimal results are obtained
shaded ellipses, marksgl (i = 1...n), represent data transfers from by using three variableg{, e2, ande3 and a classification function
Component2o the network peripheral. Let us suppose @ampo- ¢ .. . — ele2e3 This identifies most of the critical events, and
nentZSlElofuId tragsfedrldata(\ a& aflxeg rate, and eaé:h dréta tr%nlsfer) sh%qjﬁry few non-critical ones. n
occur before a deadline (indicated in Figure 6 by a dotted line). T :
analysis of the execution trace indicates that deadlines are frequen Ove_rall Me_thodology for the Design of CATs .
not met and identifies those communication events that did not meet In this section, we present a structured methodology and outline
their deadlinese.g, y1 andy,. In addition, it also identifiesritical ~ the different steps involved in the design of CAT-based communica-
communication eventse., those which when sped up, could poten- tion architectures. ) ) »
tially improve system performance. #f denotes a critical commu-  Our algorithm takes as inputs a simulateable partitioned/mapped
nication event (Figure 6), anfl denotes the set of alt’s, the per-  System description, the selected communication architecture topol-

formance of the system can improve if the execution of evens in 09y, typical environment stimulus or input traces, and objectives
improve. and/or constraints on performance metrics. The performance met-

Next, we correlate the occurrence of critical communicationfics could be specified in terms of the amount of time taken to com-
events with information about the system state and data it is procesBlete a specific amount of worle, a weighted or uniform aver-
ing. We define aontrol-flow events a Boolean variable which as- age of processing times) or in terms of the number of output dead-
sumes a value of 1 when a component executes a specific operatidi€s met or missed for applications with real-time constraints. The
For example, the behavior Gomponertt shown in Figure 5 is an- output of the algorithm is a set of optimized communication proto-
notated with control-flow eventsl, e2, €3, ande4. In general, ife;, cols for the target system. From a hardware point of view, the sys-

e Assigning appropriate values for communication protocol pa

&, ..., & are the control-flow events which are used to determind®m is enhanced through the addition of Communication Architec-
whether or not a communication request is critical, we can define #ire Tuners wherever necessary, and through the modification of the
Booleanfunction feyisical = f(€1,€2,...,€n) whose on-set denotes theng 100
set of communication events classified as critical. » w (ele2,e3,e4 i ]
it u){// el £ (elez.e3) = . 3
packet = concat(packet,data);} Component 1 g K
if(..) {2 s 3 .
i‘f“(secumy == high) { //e3 _g (e2,e3) §
packet->encryption_level = 0;} D D D D 3 2
else if (security == medium) { £ S
packet->encryption_level = 1;} | = "Eg%,g% " .
else { > £ , 5
packet->encryption_level = low;} H § R
switch (channel_char.) //e4 ; < -62, 23
case 1: packet->code = 1;break; Encoding s |t I
case 2: packet->code = 2; break; and encryption 2 3 4 5 § 1 2 3 4 5 6'
gﬁ;augggfggifiﬁgfyf);;; ?Jrrita)k / Component 2 # of variables used for classification # of variables used for classification

Figure 5: A data encryption system that illustrates tradeoffs in thd-igure 7: A plot of different classification metrics with respect to the
identification of critical communication events number of variables used for the classification
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Figure 10: Methodology for designing CAT-based communication

- Parameters architectures
BUS INTERFACE by the component. The fourth waveform shows the state of the par-
tition detector circuit which changes in response to the first three.
=1 ; All communication transactions that occur when the partition detec-
To communication architecture tor FSM is in stateS3 are classified as belonging to partitiGi;.
Figure 8: Detailed view of a component with a CAT The fifth waveform shows the output of the priority generation cir-
A cuit. Here it assigns a priority level of 4 to all transactions that belong
to partitionCP;. This increase in priority leads to a decrease in the
TracerTokens y delay associated with the communication transactions that belong to
/ I partitionCPy, as shown in the last waveform of Figure 9.

The overall methodology for designing CAT-based communica-
tion architectures is shown in Figure 10. In stepperformance
analysis is applied to the partitioned/mapped system description in
order to derive the information and statistics used in the later steps.
In our work, we use the performance analysis technique presented
in [24], which is comparable in accuracy to complete system sim-
ulation, while being much more efficient to employ in an iterative
mannher(. Th§ Olﬁtpﬁt of tEishzla\naIysis isC@mmunication Afnaﬂysis

. ) . ) . s Graph (CAG) which is a highly compact representation of the sys-
Figure 9: Symbolic illustration of CAT-optimized communication ar- teys execution under the given input traces. The vertices in the graph
chitecture execution represent clusters of computations and abstract communications per-
controllers/arbiters for the various channels in the communication afermed by the various components during the system execution. The
chitecture. edges in the graph represent the dependencies between the various

A simple system with a CAT-based communication architecturecomputations and communications. The CAG is constructed from a
generated using our techniques was shown in Figure 3(a). A mometailed system execution trace and can be easily analyzed to deter-
detailed view of a component with a CAT is shown in Figure 8. Themine various performance statistics.

CAT consists of a “partition detector” circuit, and parameter gener- In step2, we group the communication vertices in the CAG into a
ation circuits that generate values for the various communication arumber of partitions such that each partition contains a set of events
chitecture protocol parameters during system execution. that have similar communication requirements, while different parti-
Partition detector: A communication partitioris a subset of the tions represent distinct requirements. Note that in the extreme case,
communication transactions generated by the component during sygach communication vertex in the communication analysis graph can
tem execution. The partition detector circuit monitors and analyzebe assigned to a distinct partition. However, this can cause the area
the following information generated by the component: and delay overhead incurred in the CAT to become prohibitive. Step

« Tracer tokengenerated by the component to indicate that it is3 evaluates various statistics for each communication partition, based

executing specific operations. The component is enhanced @n which, stepl determines an assignment of protocol parameter val-

es for each partition. The output of stéfs a set of candidate proto-
generate these tokens purely for the purpose of the CAT. cols for the system communication architecture. S&ep-evaluates

e The communication transaction initiation requests that are genthe system performance for the optimized protocols derived indstep
erated by the component. If a performance improvement results, stde 5 are repeated until

o Any other application-specific properties of the communicationno further performance improvement is obtained. Sejeals with
data being generated by the componeng(fields in the data  Synthesis of hardware (CATs) to implement the optimized protocols
which indicate its relative importance). that were determined in stefp

The partition detector uses this information to identify the start andi  Algorithms for the Design of CATs

end of a sequence of consecutive communication transactions that . ) . . .

belong to a partition. In Section 4.3, we present general techniques to In this section we describe the shaded steps of Figure 10 in more

automatically compute the start and end conditions for each partitiorletail. We present techniques to obtain partitions of the communica-

Parameter generation circuits: These circuits compute values for tion event instances, discuss how to select an optimal set of protocol

communication protocol parameters.d., priorities, DMA block  Parameter values and how to synthesize CAT hardware for classifying

sizes,etc) based on the partition ID generated by the partition de.cOmmunication event instances into partitions.

tector circuit, and other application-specific data properties specifiegl ¢ Profiling and partitioning communication event instances

by the system designer. The values of these parameters are sent to the

arbiters and controllers in the communication architecture, resulting In step2 of Figure 10, we perform an analysis of the CAG gen-

in a change in the characteristics of the communication architecturerated in stefd to measure the impact of individual communication

Automatic techniques to design the parameter generation circuits afigstance delays on the system performance. Instances which have a

presented in Section 4.2. similar impact on the system performance are grouped into the same
The functioning of a CAT-based communication architecture is il-partition. The performance impact of an instance is measured by a

lustrated using symbolic waveforms in Figure 9. The first two waveparameter callegensitivitythat captures the change in system perfor-

forms represent tracer tokens generated by the component while theance when the communication delay of the instance changes. The

third waveform represents the communication transactions generatéallowing example illustrates our partitioning procedure.

Comm.transactions

Partition
Recognizer State

Parameter (Priority)

Comm.Delay




system execution time (clock cycles) waiting time in other partitions. Once this metric has been evaluated

c A=10,0 = t(z)) +(2) for each partition, the partitions are ranked in descending ord@r of
_____ ! Start=45 s(c) = 20 From this ordered list, the first partition is assigned the highest prior-
Fnsn=se/ e e ity, the second partition the second highest priority and so on. Table 1
s(cy) =0 shows the ranking of partitions for the given values.

4.3 Synthesis of an optimal communication protocol

Figure 12(a) shows an extract of a CAG after the sensitivity-based
partitioning step has been performed. For simplicity, only commu-
y nication vertices are shown in the figure. All highlighted vertices in
. o . . componentC,’s trace belong to partitio€P;. In step6 our goal is
Figure 11: Sensitivity calculation and partitioning instances in theg ggneratela Boolean forr%ulapwhich evzliluates t% 1 Wh%n a vertex
CAG belongs taCP; and to 0 at other times. The next three waveforms in
Figure 11 shows a section of a CAG generated from a represeifrigure 12(a) show three cases where different evénts;, t3, have
tative execution of an example system. Shaded vertiggerough  been chosen to act emcersfor componen€C;. For a givertracer t,
c4 represent instances of communication events. Vertigesd z, adistance dis calculated for each communication instaecequal
represent the final outputs of the system. The objective function to b® the number of communication instances separatiingm the pre-
minimized is the quantity(z;) +t(z2), wheret(v) is the finish time  vious instance of;.
of a vertexv in the CAG. In order to perform partition assignment, the CAT hardware must
To measure theensitivityof the system performance to commu- detect atracer, count and ignord; communication instances, and
nication instances, the existing delay of; is perturbed by a value then start assigning the ne instances to a particular partition. For
A, and a traversal of the transitive fanout@fin the CAG is used example, forFormulay, t; is thetracer, 8; = 4, and6, = 3. Fig-
to re-compute the start and finish times of the affected vertices. There 12(a) shows the actual classification of communication instances
updated finish times of the vertices are used to calculate the changetimat results from each of the three formulae. Figure 12(b) shows the
the system performance metric. In this example, perturbing the delgyrediction accuracy of each formula. It turns out tRatmula; per-
of ¢1 by 10 units delays the finish of bo#h andz by 10 units each, forms the best, predicting correctly with a probability o® @vhether
while perturbing the delay af, delaysz; alone. or not a given instance belongsRartition;. Figure 12(c) shows an
In the manner described above, we calculate a sensiiigtyfor ~ FSM that implement§ormula.
each instance, which measures the change in the value of the objec- In general, choosing the appropriate tracer tokens and appropriate
tive functionO after perturbing the delay @f by A. Next, we group  values for6; and 8, may not be a trivial task. We formulate the
communication event instances that have similar sensitivity values foroblem in terms of a well-known problem from regression theory,
form a partition. In this example is assigned to partitioG€Pq, ¢ and use known statistical techniques to solve it.
andcgz are assigned t6P,, andcs is assigned t&CPs. A data seé is constrlécéed frc(j)m thcei: CAG for e?chfexam£?$r
T consisting ofdistances ¢,d,, ...dn, and a 0 or 1 value for each (de-
42 'V'F’d'fy'”?’ Protocol Pgrameters ) rived from the partitioned CAG) indicating whether or not the com-
In this section we describe stepsand4 of the overall flow,i.e,  munication instance at distandefrom the tracer token belongs to a
how to examine each partition and then assign optimized protocol pgrartitionCR. The regression functiohis defined as follows :
rameter values to them. While our discussion is confined to determin- 1 0 <d<B 46
ing the priority that should be assigned to each partition, it could be f(d,0) = { 0 I1< h< 1+ 02
extended to include other protocol parameters such as whether burst elsewnhere
mode should be supported or not, and if so what the correct DMA  When f is 1, it indicates the instance at a distantbelongs to
size should be. CR. An assignment = {61,6,} is required that causes the least

The sensitivityof a partition indicates the impact its events have n £(d.0)2 wh is th lue f th
on the performance of the system. However assigning priorities basdB€an square errggiL, |y — f(d,8)|*, wherey is the value from the

on the sensitivity alone may not lead to the best assignment. This fata set, and(d, 8) is the prediction, to be minimized. Since the re-

because sensitivity does not capture the indirect effects of a commungression function is non-linear 8 no universal technique is known

cation event (or set of events) on the delays of other concurrent conte compute an explicit solution. However, several heuristics and iter-

munication events. We account for this by deriving a metric that peative procedures may be used [25].

nalizes partitions which are likely to negatively impact the executio .

of communication events in other partitions. In order to obtain thig Experimental Results

information, we analyze the CAG and evaluate, for each pair of par- |n this section, we present results of the application of our tech-

titionsCR, CP;, the amount of time for which communication events piques to several example systems, We present performance results

that belong teCR, are delayed due to events fr@i;. Table 1shows based on system-level co-simulation for each example.

example data for a system with three partitions. Column 2 gives the The first example is th@ CPsystem described in Section 2. The

sensitivity of each partition. Columns 3, 4 and 5 gives the total timesecond example is a packet forwarding unit of an output queued ATM

(wij) that instances in partitio@P,, CP, andCP; wait for instances  switch. The next examplé&YS is a four component system, where

in each of the other partitions. For example, instanc&Rninduce  €ach component issues independent concurrent requests for access to

a total waiting time of 100 cycles for instances@® to finish. Col-  a shared memory through a shared BBRDGs a system consisting

umn 6 gives the sum of columns 3, 4 and 5 to indicate the total Waitingf_fOur components, two memories and two buses connected by a

time (W) events in partitiol€R have introduced in other partitions.  bridge. Details of both these systems may be found in Figure 2 of
To assign a priority to partitio€R, we use a heuristic metrig [26].

system components

Start=35
Finish*=40

which is calculated (using the notation of Table 1), as Table 2 demonstrates the performance benefits of using CAT-
. 2 os(j)wij based communication architectures over a static priority based com-
P =si) - z W munication protocol. Each row in the table represents one of the ex-

. ) = o ample systems described earlier. For each system, column 2 defines
In this formula, the first term accounts for the sensitivity of the par-3 performance metric. For tieCP, SYSandATMsystems, the per-
tition CR, while the summation penalizes the partition for inducing formance objective is to minimize the number of missed deadlines.

Table 1: Statistics of the Partition In the case oBRDGeach data transaction is assigned a weight. The
Partn. | s(G) Wip Wi Wi W, Partition performance of the system is expressed as a weighted mean of the
(cycles) | (cycles) | (cycles) | (cycles) Rank execution times of all bus transactions. The objective in this case is
CP, 100 0 100 3 103 | 17.18> 2 to minimize this weighted average processing time. The static com-
CP, 85 4 0 3 7 23.5%> 1 munication protocol consists of a fixed DMA size for each communi-
CP, 10 0 7 0 7 -75.6> 3 cation request and a static priority based bus arbitration scheme. For

these examples, the CAT-based architecture uses application specific



Formula

(a) Alternative predictor strategies

time (cycles)

90.9
90
80 77.27
70 63.63
60 ty
50
40
30
%0 c&&cnty=4 e
10 \_Jce&& cnt; <4
Formula 1 Formula2  Formula 3 Inputs: ¢ = communication instance; t; = tracer

instance; cnt; = counter for@l; cnt, = counter for@2
FSM: S, = initial state; S3 = accepting state

(b) Performance of predictors for par-

(c) FSM implementation dformula,

) . titonCP, | .
Figure 12: Design of a predictor function for partiti@, of componentC;

information such as the weights on each request and deadlines, as dé-its constituent components. We illustrated issues and tradeoffs
scribed in Section 4, to provide for a more flexible communicationinvolved in the design of CAT-based communication architectures,

protocol.

and presented algorithms to automate the process. From conducted
experiment we conclude that performance metreeg.(number of

Table 2: Performance of systems using CAT-based architectures Missed deadlines, average processing time) for systems with CAT-

Example| Metric Input Static | CATs based|Improve

System Trace |Protocol|architecture| -ment

TCP/IP missed 20 10 0 -
deadlines | packets

SYS missed 573 413 17 24.3 [1]
deadlines| trans.

ATM missed 169 40 16 25 [2]
deadlines | packets

BRDG | avg. no. of| 10,000| 30472 |  254.1 12 (3]
cycles cycles

Table 3: Immunity of CAT-based architectures to variation in inputs

Inputs to the | Input Trace Static | CATs based| Performance
SYS Information | Protocol | architecture | improvement [6]
example
Trace 1 848 318 161 1.98
transactions [
Trace 2 573 413 17 24.3
transactions i8]
Trace 3 1070 316 38 8.37
transactions

For each system, column 4 reports performance results obtained?]
using a static communication protocol, while column 5 reports re- 0
sults generated by simulating a CAT-based architecture. Speed-uﬂ% I
are reported in column 6. The results indicate that significant benefits
in performance can be obtained by using a CAT-based architecturg1]
over a protocol using fixed parameter values. In the ca3€#f the
number of missed deadlines was reduced to zero, while in the case &t%!
SYS a 24X performance improvement (reduction in the number of
missed deadlines) was observed. [13]

The design of an efficient CAT-based communication architecturel14]
depends on the selection of a good representative trace when P&
forming the various steps of the algorithm of Figure 10. However,
our algorithms attempt to generate communication architectures thate]
are not specific to the exact input traces used to design them, but
display improved performance over a wide range of communication[1”]
traces. In order to analyze the input trace sensitivity of the perfor-
mance improvements obtained through CAT-based communicationis]
architectures, we performed an additional experiment. FoB¥®
example, we simulated the system with CAT-based and convention
communication architectures for three different input traces that hal
widely varying characteristics. Table 3 presents the results of our ex-
periments. The parameters of the input traces were chosen at randoizf]
to simulate run-time unpredictability. In all the cases, the system with
a CAT-based communication architecture demonstrated a consistegx%ll
and significant improvement over the system based on a convention
communication architecture. This demonstrates that the performance
of CAT-based architectures are not overly sensitive to variations inl22]
the input stimuli. (23]

[24]

9]

6 Conclusions

This paper showed how the the judicious addition of a layer of cir-
cuitry, called the Communication Architecture Tuner (CAT), around [25]
any existing communication architecture topology can enhance a syd26]
tem’s capability of adapting to the changing communication needs

based communication architectures are significantly (sometimes, over
an order of magnitude) better than those with conventional communi-
cation architectures.
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