Network Synthesis for SoC

Dongwan Shin, Andreas Gerstlauer and Daniel Gajski

Technical Report CECS-04-15
June 10, 2004

Center for Embedded Computer Systems
University of California, Irvine
Irvine, CA 92697-3425, USA
(949) 824-8059

{dongwans, gerstl, gajsk@cecs.uci.edu



Network Synthesis for SoC
Dongwan Shin, Andreas Gerstlauer and Daniel Gajski

Technical Report CECS-04-15
June 10, 2004

Center for Embedded Computer Systems
University of California, Irvine
Irvine, CA 92697-3425, USA
(949) 824-8059

{dongwans, gerstl, gajsk@cecs.uci.edu

Abstract

Communication design for SoCs poses the unique challenges in order to cover a wide range of architectures while offering
new opportunities for optimizations based on the application specific nature of system designs. In this report, we propose
automatic generation of communication topology from partitioned, scheduled architecture model where system components
communicate through message passing channels. Automatic model refinement for network topology enables rapid design
space exploration in order to achieve the required productivity gains. The experimental results show the benefits of our
methodology and demonstrate the effectiveness of our automatic model generation for communication design.
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Network Synthesis for SoC

Dongwan Shin, Andreas Gerstlauer and Daniel Gajski
Center for Embedded Computer Systems
University of California, Irvine

Abstract

Communication design for SoCs poses the unique chal-
lenges in order to cover a wide range of architectures while
offering new opportunities for optimizations based on the l
application specific nature of system designs. In this report, aul
we propose automatic generation of communication topol-
ogy from partitioned, scheduled architecture model where
system components communicate through message passing
channels. Automatic model refinement for network topology
enables rapid design space exploration in order to achieve
the required productivity gains. The experimental results
show the benefits of our methodology and demonstrate the ] o )
effectiveness of our automatic model generation for com-  Figure 1. Refinement-based communication design
munication design. methodology.
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1. Introduction
ated, which means that design decisions made in each de-

With the ever increasing complexity of system level de- sign task are reflected in the generated models.
signs and the pressure of the time-to-market in the design Finally, metrics estimation, designers have to simulate
of System-on-Chip (SoC), communication between compo- generated model to verify the functionality and to estimate
nents is becoming more and more important. Communica-design metrics. In general, the design metrics are not satis-
tion design for SoCs poses the unique challenges in order tdactory in the first trial. Therefore, many iterations of these
cover a wide range of architectures while offering new op- tasks may be needed for each design step.
portunities for optimizations based on the application spe- Figure 2 shows the communication synthesis
cific nature of system designs. flow [Ger03 which is divided into two tasks: net-

We propose refinement-based communication designwork synthesisind communication link synthesi€During
methodology which is a set of models and transformationsthe network synthesis, the topology of communication
between models that subdivide the design flow into smaller,architecture is defined and abstract message passing
manageable steps as shown in FiglréVith each step, a channels between system components are mapped into
new model of the design is generated, where a model is acommunication between adjacent communication stations
description of design at certain level of abstraction, usually (communicating system components, e.g. processing
captured in system level design languages. The abstractiorelements, communication elements) of the system archi-
level of each model is defined by the amount of implemen- tecture. The network topology of communication stations
tation detail in terms of structure or order. connected by logical link channels is defined, bridges and

In each of tasks, users can make design decisions manuether communication elements are allocated as necessary,
ally by using an interactive graphical user interface (GUI), abstract message passing channels are routed over sets of
for example, while transformations from one model into logical link channels. The result of the network synthesis
another can be accomplished automatically by refinementstep is a refined communication link model of the system.
rules or model guidelines. After each refinement step in the The communication link model represents the topology
synthesis flow, a corresponding model of system is gener-of communication architecture where components and



additional communication stations communicate with in a cycle-accurate manner based on media protocol timing
logical link channels. specifications. In the backend process, behavioral descrip-
tions of computation and communication in each compo-
e e e e e nent of the bus functional model are then synthesized into
network design | targeted hardware or software implementations.
| In this report, we will take closer look at network synthe-
| sis. The rest of the report is organized as follows: Se@ion
| gives an overview of related works. In Sectidnwe will
| show the network synthesis flow. Sectidrwill present
: > | tasks of network refinement followed by the experimental
bus allocation/ |
protocol selection/
connectivity/ |
b ctemeimewns | _ |

results in Sectio®d and finally we will conclude the report

with a summary.
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| Yen and Wolf YW95] introduced an iterative approach

| to generate communication architecture. From initial so-
| lution, they find the possible reallocation of a process to
I
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another processing element. They choose either a process
reallocation or a communication reallocation according to
sensitivity analysis during each iteration. When no reallo-
: cation remains feasible, new bus is added into the design,
in addition to new processing element. These steps are re-
peated until no reallocation is possible. In this way, they can
address the problem of heterogeneous processors connected
Figure 2. Communication synthesis flow. via arbitrary bus topologies. However they only assume an
abstract protocol based on processor priorities.

There have been some reasons that we have chosen com- Gasteier and GlesneB[59q [ GMG98] presented an ap-
munication link model as an intermediate model in commu- proach to automatic generation of communication topolo-
nication synthesis flowGer03. First, designer would like  gies on system-level. Given a set of processes communi-
to see the topology of communication architecture and es-cating via abstract send and receive functions and detailed
timate the performance of a communication architecture atinformation about the communication requirements of each
early stage of communication synthesis. Secondly, the sim-process, they first perform a clustering of data transfers.
ulation speed of communication link model is almost same This results in groups of transfers suited to share a com-
as that of architecture model according to experimental re-mon bus. For each of these clusters, they execute a bus
sultin [Ger03. Finally, communication delay of communi- generation algorithm which schedules bus accesses in order
cation link model is not as accurate as that of bus functionalto minimize the total communication costs. Other than pre-
model but the accuracy of communication delay in commu- vious approaches, they infer RAM, if necessary, and con-
nication link model can be improved by efficient and accu- sider data-dependencies as well as periodic execution of
rate estimation tools. processes.

Communication link synthesis followed by network Ortega and Borriello B9 introduced a communi-
synthesis. Logical links channels between adjacent stationsation synthesis algorithm focusing on implementing the
are then grouped and implemented over an actual commu-communication links between communicating processes in
nication medium (e.g. system busses). During communica-distributed embedded systems. They started from a given
tion link synthesis, each group of logical link channels can mapping of processes to execution units along with a map-
be grouped, and be implemented separately onto a commuping of port connections to busses. They generated the com-
nication medium with associated protocol. The parametersmunication patterns and a real-time operating system for
such as addresses and interrupts for synchronization are agach processor. In their approach, an analysis of different
signed to each logical link channel. communication structures and process mapping are not per-

As a result of the communication synthesis process, aformed automatically.
bus functional model of a system is generated. The bus Labhiri et al. LRDOQ] automatically mapped the various
functional model is a fully structural model where compo- communications between system components onto a tar-
nents are connected via pins and wires and communicateget communication architecture template and configures the




communication protocols of each channel in the architec- chitecture of the system. In the output model, the top level

ture in order to optimize the system performance by taking of the design consists of system components and logical link

the bus conflict into account. channels between communication stations. The logical link
However, most of research work has been on automaticchannes themselves are refined to their bus implementation

decision-making on communication topology of system ar- during communication link synthesis.

chitecture. There has been little attention paid to automatic

generation of network topology of communication architec- 3 1. Input Model: Architecture Model

ture from the partitioned, scheduled architecture model.

The architecture model is the starting point for commu-
3. Refinement-based Network Synthesis nication design and is the result of the architecture explo-
ration. In the architecture model, system components com-
Within our SoC communication design framework, the municate via message-passing channels. The communica-
network synthesis implements end-to-end communicationtion design process gradually implements these channels
semantics between system components which is mappednd generates a new model for each layer of communica-
into point-to-point communication between communication tion functionality inserted.
stations of network architectur&gr03. The result of net- The architecture model follows certain pre-specified se-
work synthesis is a refined communication link model of the mantics. It reflects the intended architecture of the system
system. In the communication link model, system compo- with respect to the components that are present in the de-
nents and other communication stations communicate viasign. Each component executes a specific behavior in par-
logical link channels that carry streams of bytes betweenallel with other components. Communication inside a com-
directly connected components. ponent takes place through local memory of that compo-
The network synthesis task consists of implementa- nent, and is thus not a concern for communication syn-
tions for presentation, session, transport, and network lay-thesis. Inter-component communication is end-to-end and
ers [Ger03. The presentation layer is responsible for data takes place through abstract channels that suseodand
formatting. It converts abstract data types in the applica- receivemethods.
tion to blocks of ordered types as defined by the canonical For each variable communicated between system com-
byte layout requirements of the lower layers. For example, ponents, the model contains corresponding typed message-
the presentation layer takes care of component-specific datpassing channels. Communication between components
type conversions and endians (byte order) issues. can be modeled via three schemes as shown in Figjure
The session layer implements end-to-end synchroniza-the case of two way blocking communication as shown in
tion to provide synchronous communication as required Figure3, both the sender and receiver must be blocked until
between system components in the application. Further-the transaction has completed. This mechanism is modeled
more, it is responsible for multiplexing messages of differ- using events and blocking wait statements. As we can see,
ent channels into a number of end-to-end sequential mesthe sender writes the data on a shared variable in the channel
sage streams. and follows up by notifying the receiver. The receiver can
The transport layer implements end-to-end flow control not read the data until it gets the sender’s notification. This
and error correction to guarantee reliable transmission. Inguarantees the safety of the transaction. dtiesvent guar-
standard bus-based SoC design, stations and links are reliantees that the sender cannot rewrite on the channel until
able and then transport layer need not be implemented.  the previous transaction has completed. Such a mechanism
Finally, the network layer is responsible for routing and is deterministic.
multiplexing of end-to-end paths over individual point-to- In Figure 3, the one way blocking mechanism is used
point logical links. As part of the network layer, additional that ensures that the receiver cannot read the data until it
communication stations are introduced as necessary, e.g. t@&s written by the sender. However, there is no way to stop
bridge two different bus systems. The communication sta-the sender from re-writing that data in a subsequent itera-
tions split the system of connected system components intion. The non-blocking mechanism shown in Figrés
architecture model into several bus subsystems. Assumingcompletely non-deterministic. These mechanisms are typi-
reliable stations and logical links, routing SoCs is usually cally used in real time systems where a time out strategy is
done statically, i.e. all packets of a channel take the sameemployed. In the thesis, we will look only at refinement of
fixed, pre-determined path through the system. two way blocking communication because it is used for un-
Network refinement tool takes three inputs: input archi- buffered data transfer and can be implemented directly over
tecture model, design decisions and network library. With standard bus-based communication protocols. The other
these inputs, the network refinement tool produces an outtwo mechanisms can be implemented easily once we have
put model that reflects the topology of communication ar- support for two way blocking communicatioR¢n04.
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the shared memory component. At its interface, the mem-
ory behavior provides two methods for each variable to read
and write the value of the variable from/to memory.

3.2. Output Model: Communication Link Model

The communication link model is an intermediate model
for communication design and is the result of the network
synthesis and reflects communication topology of the com-
munication architecture. Also, communication link model
serves as specification of communication link synthesis

which is followed by network synthesis. In the commu-
nication link model, we can see system components com-
municating via logical link channels which still implements
message passing semantics.

For each variable communicated between components,
the implementations of upper layers of protocol stack such
as presentation layer, session layer, transport layer and net-
work layer are inlined into the corresponding system com-
ponents. In the communication link model, end-to-end ap-
plication channels have been replaced with point-to-point

For example, the architecture model after architecture jggical link channels between system components that will
exploration is shown in Figurd. During the architec-  |ater be physically directly connected through bus wires
ture exploration, the application has been mapped ontoguring communication link synthesis. In the communica-
a typical system architecture consisting of a processortjon link model, communication elements such as bridges,
(DSP), a custom hardwareHW1), an FPGA W2 and  transducers are inserted from network protocol library and

a system memoryMEM). Inside DSP, tasks are dynami- synthesized to perform protocol translation between two
cally scheduled under the control of an operating systemgifferent busses.

model [GYGO0J [YGGO0J that sits in an additional oper-
ating system shell of the process@3P.OS). If a proces- HTX
sor needs no operating system, the operating system shell is qub
empty.

Figure 3. Communication mechanisms in abstract
channels.
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Figure 5. Output model: communication link model.
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For example, the communication link model after net-
work synthesis is shown in Figufe During the network
synthesis, the application channetd,(c2, ¢3 and MEM)
are inlined into the behavior of the corresponding system
components and also the implementations of presentation

In the architecture model, the shared memory compo- layer are inserted and connected with the application layer
nent is modeled as a special behavior with interfaces. Theadapter channels in the model. The application chanogls (
memory behavior encapsulates all variables mapped intoandc2) which are accessed sequentiallyDSPandHW2,

Figure 4. Input model: architecture model.



have been grouped but mapped onto two different busses For the purpose of our implementation, we annotated
(DSPBusandHBuUS. A bridge H_TX) is introduced to per-  architecture model with the set of design decisions. The
form protocol translation betweddSPBusandHBus The refinement tool then detects and parses these annotations
communication betweeDSPandHW?2is routed over logi-  to perform the requisite model transformations. Based
cal link channelsl.1 andL2 via H_TX. The communication = on these decisions, the refinement engine imports the re-
by message passing chaneélbetweenDSPandHW1is guired communication elements from the network protocol
mapped oveL.3. library and produces a communication link model that re-

Also a system memonMEM) has its own interface pro-  flects communication topology of the bus architecture of the
tocol (MBus which has been connected to th&PBusand system. In the communication link model, the top level of
therefore, a transduceM(TX) for protocol translation be-  the design consists of system components and logical link
tween them is necessary. The transducer is modeled by &hannels to connect system components.
special behavior with interfaces. At its interface, the trans-
ducer behavior provides two methogefid/receivefo send 3 41 Bus Allocation and Protocol Selection
and read the value of variable to/from memory.

But memory Component model has to be refined down to In bus allocation Step, the number of System busses is de-
an accurate representation of the byte layout. All variablestérmined and the associated protocol to each bus need to
stored inside memory are replaced with and grouped into aPe decided. For bus allocation and protocol selection, the
single array of bytes. The memory component is still mod- communication traffics between components, the bus band-
eled as a special behavior with an interface which providesWidth and concurrency of channel accesses in the compo-

two methods read/writé) to access each variable mapped Nents need to be considered. However, for components with
onto it with the offset of the variable in the memory. fixed, predefined interface protocols, the bus allocation and

protocol selection are automatically performed on the fly
from network protocol library. For example, ARM proces-
soris included in a design, then AMBA bus interface should
be allocated during bus allocation and protocol selection.
The network protocol library is a set of channels thatrep-  Figure 6 show the screenshot of the bus allocation and
resent the protocols of system busses and behaviors that regommunication element selection in our SoC design envi-
resent communication elements on the system busses. Theonment. In the screensh@®@ussesand CEsin a Bus Allo-
channels for bus protocols contain attributes of the bussesation Windoware for allocation of busses and communi-
including the name of associated protocols, address width,cation elements. During the bus allocation, GUI shows pa-
data width, etc. The actual implementation of bus protocols rameterizable attributes such as bit width, bandwidth, and
is defined in media protocol library which will be used in baud rate of the selected bus.
communication link synthesis. The behavior for communi-
cation elements contains also the attributes of the communi
cation elements including name, type of the communication | | .=

elements and bus protocols associated.

3.3. Network Protocol Library

3.4. Design Decisions

The refinement engine works on directions given to it
by design decisions. The design process can either be au
tomated or interactive as per user's methodology. During
network synthesis, design decisions incluadlcation of
system busses and protocol selectiselection of commu- |
nication elementghe connectivity definition between com-
ponents and bussethe mapping of abstract communica-
tion to bussesandbyte layout of system memorid3ased
on these decisions, the refinement engine maps the applicaiEs
tion channels onto logical links and imports the templates
of the required communication elements from the network Figure 6. A screenshot of bus allocation and commu-
protocol library and synthesizes the implementations of the  njcation element selection.
communication elements and finally generates communica-
tion link model.




3.4.2 Communication Element Selection [ =i
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As part of the network layer, additional communication ele- =

ments are introduced as necessary, e.g. to create and brldgE - Hpmcar

[T

subnets using communication elements, splitting the system "
of directly connected components with message passing
channels in the architecture model into several bus groups.

The communication elements include bridges connect-
ing two different busses for example, AMBA bus and PCI
bus. Also, for a shared memory access, interface protocol i
of the memory is usually not compatible to the system bus, Eﬂ
then the memory interface controller need to be allocated. |# = s i i e

gy oy ram Bal o o e

During network refinement, the implementation of the | |-.=% 5% Gl
allocated communication elements is synthesized or taken == = s il e,
out of network protocol library. In the SoC design environ-
ment, the selection of communication elements is imple-
mented inBus Allocation Window
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Figure 7. A screenshot of bus mapping.

3.4.3 Connectivity Definition 3.45 Byte Layout of Memory

So far, we have allocated processing elements and storage . . .
As part of presentation layer implementation, the shared

elements which have refined down to the component struc- .
memory component model has been refined down to an ac-

ture of a system architecture through architecture explo- ; e fthe bvie | ¢ All variables stored
ration. Also, system busses and communication elementg Urat€ representation ottne byte fayout. Al vanables store

through bus allocation and communication element selec-'ns'iOIe memory are replaced with a_nd grouped intq a_single
tion are allocated. These system components need to parray of bytes. Layout and addressing of variables inside the

connected to each other on the system busses in order tfnemory need to be defined based on the lifetime analysis of

transfer data to each other. Therefore, how system compo-eaCh variable and the alignment of the chosen target mem-

nents are connected to each other on the allocated systerﬂry compone'nt.. For example, if two varilables have non-
busses need to be defined, in order words, topology of Com_overlapp!ng I|fepmes, they can be stored in the same mem-
munication architecture (connectivity) need to be defined. ory locations, since the same memory space can be reused
Then, messages will be routed over the topology of commu—for the two arraysPDN9Y.

nication architecture to perform transactions between com-

ponents.

The connectivity definition is implemented graphically 4. Tasks for Network Refinement
or tabular form as shown in Figuré In the screenshot,
SRAMis assigned taviBus protocol, which becomes the
interface protocol 0SRAM Network refinement tool refines the input, partitioned,
scheduled architecture model into a communication link
model that reflects communication topology of a system.
The refinement process can be divided into five steps,
namely, channel grouping IP/Memory link model gener-
ation and insertion communication element synthesis and
insertion protocol stack generation and insertioandlink
ayer generation and instantiatioreach can be further di-

3.4.4 Channel Mapping

Now, the topology of communication architecture has been
defined, and then message passing channels on top of ad
sign in architecture model must be mapped to the allocated® -
system busses and communication elements. For example\f'decJI into sub-steps.

channelscl andc2 in Figure4 will be mapped tdSPBus In this section, we illustrate the network refinement pro-

and HBus and communicate through communication ele- cess through a simple yet typical example as shown in Fig-
mentH_TX. This channel mapping is decided by users with ure4. We assume that three busseS$PBudor DSP, HBus

the help of GUI. The mapping information is annotated into for HW2andMBusfor MEM) are allocated and the connec-

its corresponding channel in a design. tivity is defined as shown in Figui@
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Figure 9. An example for channel grouping.

Figure 8. Connectivity definition for Figuré

We define that channell and channetl are conflict to
each other, if channel accessadfexecutes in parallel with
the that ofc2in a component.

o ) ) Algorithm 1 shows how to build conflict graph for a PE
Once communication topology for a system is defined, fom 3 design. The input to Algorithris the internal rep-

abstract transactions by message passing channels betweegsantation from the whole desitRpesign First, channels
components in the architecture model need to be mappee that are connected to each componBp¢ are the ver-
ont_o the communication topology of the system: Ifalltrans- 1oy of the conflict graph for each component élié — line
actions between two components are sequential, thereforegy |, order to find whether or not accesses for the channels

no c.oncurrent communication can be multlp!exed overlogi- 4re executed concurrently, we look into all child behaviors
callinks. In other words, sequential transactions are mergedsige the component and see that the behavioral composi-
over single streams as much as possible in order to reducgjong of the child behaviors are parallel or sequential (line
number of logical link channels in the system. 7). If the channels are accessed in parallel in each compo-

Let us look at the following example in Figuée Three  ont the edge between the channels are inserted (line 8).
double handshake channels are used for the message pass-

ing between three components and are mapped into one bus.
OnPEL Alis followed by a parallel composition &1 and
C1while onPE2 A2is followed byB2 andC2is executed Algorithm 1. BuildConflict (Rpesign)
on PE3 ChannelcB andcC can not be shared, because 1. for all Bpg € IRpesigndo

the execution order betwe&1 andC1is not known in ad-

4.1. Channel Grouping

) 2: GpE(V, E) = {}
vance. If we sharedB andcC, thenB1 would potentially 3. forall C & IRpesigndo
receive data fronC1which was intended fo€1. However, 4: if IsPort C, Bpg) then
we can safely shareA andcB because we know thatl is 5: AddVertex Gpe(V,E), Vc)
always executed first. 6: for all v e Gpg(V,E) do
With this observation, we can turn the channel grouping 7. if IsExecutedInParalle v) then

problem into agraph coloring probleniCLR9( as follows: 8: AddEdge Gpe(V, E), {vc,V})
Given: Conflict graphG(V, E) for each component, where 12': enznfgrlf

the verticesV correspond to channels which are ;. end if

mapped to a same bus and the edBesepresented  ;,.  and for

concurrency between channels. 13- end for

Determine: Minimum number of channels concurrent
The conflict graphs of our simple example in Fig@e
The graph coloring problem is NP-completeL[R9q. are shown in Figurd0. The channelgA, cB andcC are
Heuristic graph coloring algorithms can be used here. Firstconnected to ports of tHeE1and theB1 for the channetA
we can build a conflict graph for each component based onandC1 for the channetC are executed in parallel dPEL
the sequentiality and parallelism analysis on the channels.Thus, vertexcB andcC have an edge in the conflict graph
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(a) PE1
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Figure 10. Conflict graph for components for Fig@re

Now, we have conflict graphs for each component and
then we have to merge two conflict graphs of two compo-
nents in order to get a conflict graph where graph coloring
is performed. Algorithm?2 shows the algorithm to merge

the conflict graphs of two components. First, merging step

starts a common grapBeei2(V, E) with no vertex and edge

(line 2). The common set of vertices of two conflict graphs
of two components are added into the common graph (line

3 —line 4). Then, if either of the conflict graphs for each
component has an edge between newly added vegigx
orvpgz and verticey in the common graph, the edgg:;, v

or Vpg1,Vis inserted (lie 5 — line 7).

Algorithm 2. MergeGraphGpg1(V, E), Gpe2(V, E))
1: for all VpE1 € GPE]_(V, E), VpE2 € GpEz(V7 E) do

2: GpElz(V7 E) = {}

3: if Vpe1 == Vpe2 then

4: AddVertex Gpe(V,E), vpe1)

5 for all v e Gpg12(V,E) do

6: if ExistEdge Gpei(V,E), {VpEl,V}) || Exist-

Edge Gpez2(V,E), {VPez2, V}) then
AddEdge Grei12(V,E), {VpE1,V});

8: end if

9: end for
10: endif
11: end for

After merging the conflict graphs of two components, the
result graphs are shown in Figuté

(a) PE1 and PE2

®

(b) PE1 and PE3

Figure 11. Merged graphs of the conflict graphs in
FigurelO.

get the minimum number of channels between two compo-
nents. We can use any heuristic algorithm for graph color-
ing [CLR9Q. In Figure 11, we can get one color in each
merged graph. Therefore, the result model after channel
grouping for Figure9 is shown in Figurel2. The chan-

nel cA andcB betweenPE1 and PE2 will be grouped and
shared in the channeABin Figurel1l.

PE1 PE2
Al A2
— R
v (o8 ]
e A
B1 B2
./
_______ -
c <D { cz
\ J PE3
~ @

Figure 12. Design after channel grouping for Figare

The two channelslandc2 as shown in Figurd can be
merged because accesses to the channels in two component
DSPand componenitdW2are sequential. In the communi-
cation link model as shown in Figugg the two logical link
channeld.1 andL 2 reflects sharing of two channelsl(and
c2).

4.2. IP/Memory Link Model Generation and Inser-
tion

During network synthesis, a purely behavioral IP com-
ponent has been replaced with a model that encapsulates a
structural model of the component in a wrapper that imple-
ments all layers of communication with the IP. Since the
IP’s communication protocol are pre-defined and fixed, its
communication not be designed arbitrarily and the wrapper
provides the necessary functionality to be gradually inserted
into the IP’s communication partners as design progresses.

For a memory component, all variables stored inside
memory are replaced with and grouped into a single array of
bytes (line 4). Again the behavior model for memory com-
ponent implementead andwrite interface so that the com-
ponents accessing the memory can use the interface method
calls (MemLinkin line 2, and lire 6 — line 11).

For example, the memory componeMHEM) in the ar-
chitecture model is replaced with its link modMEM_LK)

Finally, we have to color each merged graphs in order to in the communication link model as shown in Figbre
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Figure 13. Memory model in presentation layer. Figure 14. Presentation layer adapter channel for gen-

#define MEMSIZE 1024 eral bus access.
behavior Memorygoid) implementsIMemLink
{ char mem[MEMSIZE]: 1 chanlr:elPclntPresentI(\letwork network) implements
void main(void) { } 2 ¢ ntPresent
void read(unsigned long intoffset, void =x 3 void receive (int val) {
data, unsigned long int len) ; .
memcpy (data, mem +offset, len); 4 uint32-t da“.i’ .
' ' ' 5 network.receive(&lata, sizeof@ata));
void write (unsigned long intoffset, void x* S xval = ntohl(data);
data, unsigned long int len) 8 void send(int val){
memcpy (mem + offset ,data, len); 9 uint32.t data:
. } 10 data = htonl(val);
b 11 network .send(&data, sizeofdata));
12 }
13 };

4.3. Protocol Stack Generation and Insertion

The network synthesis implements presentation, sessionthe presentation layer becomes a part of the application, its
transport, and network layers. In SoC communication, adapter channels are instantiated inside the application of
the session, transport and network layer are mostly empty.€ach component.

Thus, we will insert the implementation of presentation  The presentation layer inside the component accessing a
layer into each component. global, shared memory are responsible for converting vari-
ables in application into size and offset for shared memory
accesses as shown in Figlie For example, The first argu-
ments of interface method calls (line 5, line 11, line 15, line
The presentation layer is responsible for data formatting. It 21) to the memory behavior are aligned based on the size of
converts abstract data types in the application to blocks ofthe variables. In case of array accesses in the application,
ordered types as defined by the canonical byte layout re-the presentation layer for the memory takes thg |nd|ces. of
quirements of the lower layers as shown in Figldelf the arrays as .arg.ument's of the interface methods (line 13, line
bit width of a variable is smaller than the bus width, then 18)- The indices will be added to base address of the ar-
the variable can be assigned, for example, to the lower bits'@ in the memory when the presentation layer accesses the
of the bus. If the bit width of a variable is greater than the Memory behavior through interface method calls (line 15,
bus width, then the words have to be transfered in different!in€ 21)-

bus cycles, for example, in a sequence of bus transfers. The

sequence can _be writtgn using little endian or blg endia}n 43.2 Protocol Stack Insertion

assignment. Little endian assigns the least significant bits

(LSB) to the lowest address. In contrast, big endian assignThe protocol stack insertion process is shown in Algo-
the most significant bits (MSB) to the lowest address. For rithm 3. The input to Algorithm3 is the internal repre-
example, the presentation layer takes care of componentsentation for the whole desigiRpesign  Each component
specific data type conversions and endians (byte order) ishehaviorBpg inside the design is checked if it is software
sues (line 6 and line 10) component or hardware component. If the component is

In the communication link model, the model for com- software, the presentation layeGyfesen) as shown in Fig-
ponents contains presentation layer implementations in theurel4and Figurel5if the component accesses memory, are
form of adapter channels that provide the service (inter- created with the corresponding operating system (OS) inter-
face) of the presentation layer to the application on one face port Bs) inside its application shelBpg,,,) (line line
side (Presenj, while connecting and calling network layer 4 —line 5). Also OS adapter chann&g) will be instanti-
methods on the other sideNetwork networkn line 1). The ated with the link layer channel interface pd#{x) inside
presentation layer performs data formatting for every mes-the OS shell Bpg,¢) (line 3, line 6). In case of the presen-
sage data type found in application (integer to void pointer tation layer for memory in PE, the memory interface port
type conversion in line 5 and line 11). Therefore, each ap- (Pmem Will re-used to create presentation layer for memory
plication layer adapter channel can be connected to cor-(Cmemory inside its application shelBpg,,,) (line 7 —line
responding presentation layer adapter one by one. Sincel0). In the same way, the presentation layers for the hard-

4.3.1 Presentation Layer
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Figure 15. Presentation layer adapter channel for Algorithm 3. InsertStackl Rpesign

1:
2 if Bpg == SWthen
channel cPresentMenifemLink shm) implements 3 CreatePortBpg,g, Fink)
IMemApp 4: CreatePortBpg,,,, Pos)

{ 5: CreatelnstanceBee, ., C Pos)
. . : ppr “present Fos,
it Eﬁ?dfaﬁ\:o'd) { 6 F:reatelnstanceB(:Eos, Cos: Rink)

shm.read (Oull, &val, sizeof (int)); 7 if hasMemoryPort&pg) then
8 Pnem= FindMemoryPort Bpg)
9

return val;
Createlnstanc , R
void write_A(int data) { EB(DEapp Cmemory mem

int val: 10: enq if
val = data; 11: else ifBpg == HW then
shm.write (Oull , &val, sizeof (int)); 12: CreatePort&pg, Plink)

} 13: Createlnstanc C i
chars readB(unsigned int idx){ it hasM I;B(DE‘ pre;ent Plink)
chars val: 14: if hasMemory ortBpe) then

shm.read (4 ull+idx, &val, sizeof (char)); 15: Pmem= FindMemoryPort Bpg)
return val; 16: CreatelnstanceBee, Crmemory Pmem
void write_B(charx data, unsigned int idx){ 17 en_d if
chars val: 18: endif
val = data; 19: end for
shm. write (4 ull+idx, &val, sizeof (char));
3 441 Bridge

Figure 16 shows the behavioral model of a bridge used in
communication link model. The bridge has the two inter-
ware component can be created inside Bpe (line 11 — face ports for two different busselsuslandbusd. In the
line 18). most case, the bridge will listen on both sides simultane-
. . ously in order to handle transfers dynamically as they come
For example, DSP componemF) is connected to five in. Therefore, the bridge consists of two parallel child be-

channels mclgdlng memory components in the arCh'teCtu.rehaviorsForwardBhvrand BackwardBhvy each of which is
model. The five presentation layers are generated and in-

lined into the DSP component and connected with applica- responsible for transferring data in one direction and the

. . o - other direction.
tions in the communication link model as shown in Figbire . .
The complete messages are received on one side,

buffered in the bridge’s local memorfofward[BUF_SIZE]

in line 4, backward[BUESIZE]in line 14), and sent out on
the other side. The variables inside the behaviors will model
the buffer which will be further implemented to FIFO queue
or memory later.

4.4, Communication Element Synthesis and Inser-
tion

As part of network synthesis, communication elements
might have to be inserted into the system architecture. The*-4-2 Memory Interface Controller

communication elements that translate between incompati-gjnce memory components have their own fixed interface
ble bus protocols will act as bridges connecting two bussesprotocol, they might not be directly connected to the sys-
or as bus interfaces for components with fixed, predefinediem pys. Memory interface controller, therefore, might be
protocols. Like the other components, the behaviors of thejyserted into communication link model during network re-
communication elements are instantiated and added to thgjnement.
set of concurrent, non-terminating components at the top  Thg jnterface of the memory interface controller should
level of the design. be handled differently from bridge because link layer model
If a communication element is allocated from the pro- for memory is implemented by behavior with interfaces as
tocol library, its functionality is not implemented yet. We shown in Figurel7. The memory interface controller copies
need to fill functionality for the communication element by the channel interface methode4d andwrite methods) of
synthesis. the link model of memory behaviotNMlemLinkin line 1).

10
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Figure 16. Bridge behavior in link Model.

#define BURESIZE 1024
behavior ForwardBhvr (BuslLink busl,
bus2)

IBus2Link

char forward[BUESIZE];
void main (void) {
while (true) {
busl.receiveforward, BUFESIZE);
bus2.send(forward , BUBSIZE);

}

}

behavior BackwardBhvr IBuslLink busl, IBus2Link
bus2)

{

char backward[BUESIZE];
void main (void) {
while (true) {
bus2.receive (backward, BUSIZE);
busl.send(backward, BUSIZE);

}
}
behavior Bridge (IBuslLink busl, IBus2Link bus2)
{
ForwardBhvr Forward (busl,
BackwardBhvr Backward (busl,
void main (void) {
par {
Forward . main () ;
Backward . main () ;

bus2);
bus2);

11

Inside interface methods, the memory interface controller
invokes the link layer interface methods (line 5, line 8).

Figure 17. Memory interface behavior in link Model.

behavior MemoryCtrl(MemLink mem) implements

IMemLink
{
void main(void) { }
void read(unsigned long intoffset, void =x
data, unsigned long int len)
mem.read (offset ,data, len);
}
void write (unsigned long intoffset, void =
data, unsigned long int len)
mem. write (offset , data, len);
}
1

4.4.3 Communication Element Insertion

Algorithm 4 shows how to insert the synthesized communi-
cation element€Esinto the internal representatidRpesign

of a design. First, all busséusg;, Busez, Bug con-
nected to components and channels are extracted from con-
nectivity of the design (line 2 — line 4). Basically, if the
busses which are mapped to channels and components, are
not compatible, we insert the corresponding communication
elementCEgug.¢, Buges» CEBug: Busg, (liN€ 5 —line 12).

On the other hand, the memory is connected through
its interface instead of channels in input model. Thus we
insert the memory interface controller behavior with inter-
face. The interface of the memory controller behavior will
be connected to its corresponding component and the origi-
nal memory will be connected to the interface of the mem-
ory controller behavior (line 17 —line 22).

For example, a memory interface controlMrTX be-
tweenDSPBusaandMBusand a bridgdd_TX betweerDSP-
BusandHBusare synthesized and instantiated in the com-
munication link model as shown in Figuge

4.5. Logical Link Channel Generation

In the top level of behavior hierarchy, adjacent compo-
nents need to be connected with logical link channels which
implement two way blocking semantics as described in Sec-
tion 3.1 because the communication link model has to pre-
serve the original semantics of input architecture model.

The number of logical link channels are determined by
channel grouping algorithm as shown in Sectloh For the
implementation, we reuse application channels in the archi-
tecture model which implement two way blocking seman-
tics and instantiate them to connect adjacent components in
the communication link model.



ing as shown in Sectiof.1

Algorithm 4. InsertCEsIRpesign CE9 To compare against the manual effort of model refine-
1: for all channelC € IRpesigndo ment, we have to measure the quality of the generated mod-
2. Bug = mapped bus of els. In order to be able to assess the model quality, we pro-
3:  Busgi1 = mapped bus of the sender©f pose a set of quality metrics. Some of them are quantitative
4:  Busg2 = mapped bus of the receiver ©f but others are difficult to be quantized. These quality met-
5. if Bug # Busg; then rics are important to compare the automatic refinement with
6 FindCE CEs CEgus. Buse;) manual refinement. Although the automatic refinement has
7 Createlnstancd Rpesign CEBug: Busg;) the advantage of error-proof and being fast, its output may
8 endif not be as good as the one produced manually by designers.
9: if Bug # Busgz then Therefore, we need to define good metrics to evaluate the
10: FindCE CEs CEgug. Bus»e) quality of the refinements.
11 Createlnstancd Rpesign CEgus:,Buses) The first metrics we can use is the code size of the mod-
12:  endif els. In general, each refinement will increase the size of the
13: end for model because more details are added. The code size can
14: for all memoryM € IRpesigndo be quantitatively measured by the number of source lines.
15:  Busy = mapped bus o/ Therefore, we can use (number of lines of original model
16:  Busg = mapped bus of the partner bf / number of lines of refined model) as one of the quality
17.  if Busv # Buse then metrics. The smaller the ratio, the better the refinement. In
18: FindCE CEs CEgug Buse) general, more model objects is equivalent to longer code.
19: Createlnstancd Rpesign CEsusy Buses M) So the creation of new objects should be avoided as much
20: Puv = FindMemoryPort Bpg) as possible.
2L ReplacePortRy, CEgug Buse) The second metrics we can use is the communication
22:  endif overhead introduced by the refinement. As we explained
23: end for earlier, the channels accessed sequentially in the behaviors

can be merged, which improves the quality of the mod-
o els. First, the merging process removes redundant channels
For example, three logical link channelsl(L2 andL3) which cause the code size increase. In addition, merged

are instantiated and connected with components including.annels will reduce the number of channels for optimiza-
an additional communication elememt_TX) as shown in tion which users have to decide.

Figures. The final quality we can look at is the readability of the

refined model. It is difficult to define quantitatively the
5. Experimental Results readability. However, in general, the readability can be im-
proved by keeping the changes as small as possible and by

Based on the described methodology and algorithms, wefollowing a simple but self-explanatory naming convention.
developed a network refinement tool, calgecC Network Table 3 shows the results of network refinement. We
Refinement (scnrvhich takes architecture model and user used the Lines of Code (LOC) metric and number of chan-
decisions for network synthesis and generates communicanels reduced during network refinement. The number of
tion link model. For experiments, we generated architecturechannels are reduced based on channel grouping as shown
models for different examples, JPEG and GSM Vocoder.  in third and fourth column in Tabl2 which turns out to re-

Tablel shows the characteristics of the partitioned archi- duce the number of lines of codes significantly in JPEG and
tecture models of these examples. Different architecturesVocoder example. Modified lines of code by automatic re-
using Motorola DSP56600 processor (DSP), MIPS basedfinement is calculated bynodified= inserted— library +
CPU (CPU) and custom hardware (HW) were generateddeleted(lines of code from library need to be subtracted
and various bus architectures were tested. In Tapthe in calculation of modified lines of code) is in fifth column.
number of channels represents the number of message pas&ven with a very optimistic estimate of 10 LOC per person
ing channels in top level of architecture model and the total hour, manual refinement takes several weeks to get commu-
traffic refers to the amount of data exchanged between com-nication link models. Automatic refinement, on the other
ponents. hand, completes in the order of a second. In order to cal-

Table 2 shows design decisions which are made during culate the productivity gain, we assume that design deci-
network synthesis. In this table, channel mapping from ap- sions (bus allocation, protocol selection, channel mapping)
plication channels to link channels is done by automatic net-for network design by a designer take 5 minutes per bus. For
work refinement tool which implements the channel group- example, the productivity gain farchlof JPEG is calcu-
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Table 1. Characteristics of the partitioned architecture models.

\ Examples [ Components | Buses [ #Channels| Traffic |
IPEG archl 1DSP, 1 HW 1 DSP Bus 7 7560
arch2 | 1DSP,1DCTIP| 1 DSP Bus 2 2160
archl 1DSP, 1 HW 1 DSP Bus 12 | 46944
Vocoder arch2 1DSP, 2 HW 1 DSP Bus 22 | 56724
arch3 1DSP, 3HW 1 DSP Bus 42 | 76284
arch4 2 DSP, 2 HW 1 DSP Bus 29 | 52160

Table 2. Design decisions for network synthesis.

\ Examples Channels | Routing | Medium (master/slave) |
IPEG archl all linkHW DSP Bus (DSP/HW)
arch2 all linkIP DSP Bus (DSP/IP)
archl all linkHW DSP Bus (DSP/HW)
12 channels linkHW1
arch2 10 channels E DSP Bus (DSP/(HW1, HW2))
Vocoder 12 channels linkHW1
arch3 | 11 channels linkHW2 DSP Bus (DSP/(HW1, HW2, HW3))
19 channels linkHW3
17 channels| linkDSP1HW1
arch4 17 channels| TKDSP2HW2 DSP1 Bus (DSP1, DSP2)/(HW1, HW2)

Table 3. Experiment results for network refinement.

Lines of Code Automatic Manual | Productivity

Examples Arch [ Link | Modified (inserted (lib)/deleted) refinement| refinement gain
IPEG archl | 2940 | 2969 133 (81 (0)/52) 0.08 s 13.3 hr 160
arch2 | 2717 | 2763 88 (66 (0) /22) 0.07s 8.8hr 106

archl | 10972 | 10980 170 (89 (0)/81) 0.27s 17.0 hr 204

Vocoder arch2 | 11386 | 11415 223 (176 (0)/147) 0.34s 22.3hr 268
arch3 | 11263 | 12276 559 (286 (0)/273) 0.43s 55.9 hr 671

arch4 | 13986 | 14033 369 (208 (0)/161) 0.45s 36.9 hr 221
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lated by 160= (13.3 hr.) /(0.08 sec+1 busx 5 min.). With [LRDOOQ]
this assumption, the productivity gain is around several hun-
dred times as a result of automatic refinement.

6. Conclusions

[OB98g]

In this report, we presented a methodology and algo-
rithms to automatically generate an intermediate communi-
cation link model from architecture model of a system. The
network synthesis implements end-to-end communication
semantics between system components which is mapped
into point-to-point communication between communication [PDN99]
stations of network architecture. The implementations of
presentation layer for each data transaction are inlined into
components during the network synthesis.

Network refinement toolscnr has been developed and  [peno4]
integrated into our SoC design environment. Experiments
were performed to validate this concept. Simulations were
done on input models and output models to ensure their
semantic equivalence. Using an industrial-strength exam-
ple, the feasibility and benefits of the approach have been[YGGO3]
demonstrated and several hundred times of productivity
gain is obtained with network refinement tool.
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