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Transactions Briefs

RTGEN—AnN Algorithm for Automatic Generation of eration basis thus becomes cumbersome and error prone. Furthermore,
Reservation Tables From Architectural Descriptions exploration and customization of different architectures drives the need
for rapid evaluation of different architectural (and pipeline) configura-
Peter Grun, Ashok Halambi, Nikil Dutt, and Alex Nicolau tions—making it impractical to manually specify RTs on a per-opera-

tion basis for each configuration.

Abstract—Reservation Tables (RTs) have long been used to detect con- I.n this paper,. we present an RT generation (RTGEN) algorithm,
flicts between operations that simultaneously access the same architectural Which automatically generates RTs from a high-level processor
resource. Traditionally, these RTs have been specified explicitly by the de- description. This frees the user from the burden of having to man-
signer. However, the increasing complexity of modern processors makes j5ly enumerate the RTs, allowing for conciseness of specification,

the manual specification of RTs cumbersome and error prone. Further- ducti f . ificati d reducti f ti ti
more, manual specification of such conflict information is infeasible for €dUClION O €ITOIS IN Specincaton, and reducton or tme spent in

supporting rapid architectural exploration. In this paper, we present an  Specification.

algorithm to automatically generate RTs from a high-level processor de-  Moreover, in the context of VLIW processors, a complete set of RTs

scription with the goal of avoiding manual specification of RTs, resultingin s hecessary for correct scheduling of the operations. Incorrect or in-

more concise architectural specifications and also supporting faster turn- . L

around time in design space exploration. We demonstrate the utility of our COMplete RTs (e.g., containing an optimistic resource usage of opera-

approach on a set of experiments using the TI C6201 very long instruction tions or missing an important resource), may lead to incorrect sched-

word digital signal processor and DLX processor architectures, and asuite yling and execution of the program. For instance, in the TI C6x pro-

of multimedia and scientific applications. cessor, missing the resource describing the cross-register file-path con-
nection may lead to scheduling in the same VLIW instruction of mul-

I. INTRODUCTION tiple operations, which try to use the same connection at the same time,

In most modern processors that exhibit multiple levels of parallelisfgsulting in a resource hazard.
and deep pipelines, resource and data hazards can lead to significafitirthermore, in the absence of an RT model (assuming a non-
performance degradation or even [for very long instruction worddpPelined version of the compiler) or using coarse grain RTs, such
(VLIWSs)] incorrect execution behavior. Thus, detection and avoidanéé optimistic RTs (leading to aggressive compilation), or pessimistic
of such hazards is a crucial task in processor-based system dedigf$ (leading to conservative compilation), the performance of the
Hazard information may be captured as conflicts between operatig@erated code may be significantly impacted.
that access the same resources at the same time. Reservation tabf@d" compiler uses Trailblazing percolation scheduling (TiPS) [18]
(RTs), which specify (and represent) both the pipeline behavior atischedule the generated RTs in the pipeline. TiPS is a powerful in-
resource usage of operations, are commonly used as part of $Halction-level parallelism technique that parallelizes operations across
machine model for capturing such conflict information for retargetabRasic blocks. Our RTGEN approach is applicable to a diverse set of ar-
compilers. RTs can be used, for example, by the instruction schediiBitectures (such as VLIW, Superscalar, and RISC). We described and
to avoid resource conflicts and pipeline hazards. Complex processei§cessfully generated a retargetable compiler and simulator for the Tl
are increasingly being deployed in high-end embedded applicatiok$201 VLIW digital signal processor (DSP), and the Motorola Pow-
typically as (fixed or parameterized) cores in a system-on-chip (SO€JPC Superscalar. For the Motorola PowerPC, we compared the code
Since RTs can be specified at different levels of detail, they can alsogfherated by our retargetable compiler using RTs to the native Mo-
used in an architectural design space exploration (DSE) environméH@la compiler, obtaining similar results.
involving tradeoffs between accuracy and speed of the software tools>ince every operation proceeds through a pipeline path and accesses
for embedded SOCs. storage units through some data-transfer paths, the key idea behind the

Most current retargetable tools that follow the RT's approach r&TGEN approach is that it is possible to trace the execution of the
quire the user to specify the RTs manually on a per-operation basi®peration through the architectures pipeline and data-transfer segments
the architecture description language (ADL). Processors that cont@f¥, thus, generate accurate RTs.
complex pipelines, large amounts of parallelism, and complex storagdn Section I, we describe related work on ADL-driven pipeline (and
sub-systems, typically contain a large number of operati@msi re- constraint) specification for tools and compare them with our approach.

sources (and' hence’ RTs) Manual speciﬁcation of RTs on a per_(ljb_section 1, we motivate the need for automatic RTGEN using the
TI C6201 VLIW DSP. Section IV describes the features necessary in
a high-level processor description to support automatic generation of
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For single-issue machines, the terms operation and instruction are used'i

terchangeably. For multiissue machines (e.g., VLIW and Superscalar), an Qf-our approach for the purpose of DSE, while Section VII concludes
struction represents a set of operations issued/executed simultaneously.  this paper.
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Il. RELATED WORK

While pipelining was first developed during the late 1950s, mos
modern pipelining techniques are direct descendents of work dor - '“"
during the late 1970s and early 1980s. Reference [15] survey|
pipelining techniques and provides most of the terminology ant
concepts in use today. Reference [13] contains a good descriptic
of the various aspects of pipelining (including tackling hazards an

compilation techniques). [be] [se) [weE) veer] (2] (6]
The advent of SOC technology, with the ability to explore betweer

a variety of processor cores, has led to renewed interest in retargeta
software tool kits (e.g., compilers and simulators). Due to increase
parallelism and pipelining in today’s processors, more complex dat
and resource hazards may raise conflicts in the architecture, leading
insertion of stalls in the pipeline, or even incorrect execution of instruc
tions (for VLIW processors). Thus, itis crucial to detect and avoid sucl
conflicts either in the software toolkit (e.g., compiler), or in the pro-

cessor itself (in the hardware controller). We present related approacilg,es1 Block di fthe T| C6201 VLIW DSPG. PS. PW. andPR
to specifying and using such conflict information. 9. 1. Block diagram of the s an

e . . erform instruction fetch.DP andDC perform decode and dispatch.
Traditionally, RTs are used to detect conflicts for scheduling [17}. 5 A7, andD are functional units.

The concept of using RTs to represent the resources used by indi-
vidual operations in each stage of the pipeline was developed in [2]
and [4]. Conflicts between operations are detected by comparing thgfituctural/behavioral description of the processor. We thereby free the
RTs. Examples of compilers that adopt this approach include the muser from the burden of having to manually specify the RTs. Moreover,
tiflow trace scheduling compiler [7] and the Trimaran (Elcor) compileluring DSE, changes to the structure of the processor are reflected au-
[24]. Trimaran uses the MDes [6] ADL, which captures constraints béematically in the RTs, allowing for fast DSE iterations. Also, by auto-
tween operations with explicit RTs on a per-operation basis, usingratically generating the conflict information, we avoid redundancy in
hierarchical description for compactness. However, explicit specificéie input processor specification. In our approach, the same architec-
tion of RTs introduces redundancy in the processor description. Motgral specification is used to generate both a structural simulator SIM-
over, during DSE structural changes to the architecture may propaddRESS [14], as well as the RTs required by our optimizing compiler
through the description, also requiring the user to manually reflect teeXPRESS.
changes in the RT section. Furthermore, using accurate RTs in compilation may significantly
Alternatively, state diagrams or finite state automatons (FSAs) haeprove the performance of the generated code by better overlapping
been used to represent the set of all legal instruction schedules fdh@aindependent operations and better utilizing the pipeline resources.
processor. Since the FSAs are derived from RTs, RTs are a prerequikitparticular, for memory operations, which tend to be very time con-
in this approach. References [1] and [20] present compiler techniqusegning (especially for the off-chip dynamic random access memory
that use FSAs. For determining operation conflicts, the RT approadPRAM) accesses), better hiding their latency leads to substantial per-
suffers from the drawback of increased compilation time as comparkedmance improvements. In [10], we present the usage of the generated
to the FSAs. However, [3] and [6] present RT optimization techniquéisning and resource (i.e., RTs) information in the context of off-chip
that can be used to mitigate these drawbacks. Further, RTs are nedd@dM memories, exhibiting page- and burst-mode accesses. By pro-
in order to generate FSAs [15]. A disadvantage of the FSA approactviding the compiler with accurate timing and RTs for the memory op-
that itis not amenable to certain advanced scheduling techniques (segtions, compared to the traditional approach using optimistic timings
as iterative modulo scheduling [21] and mutation scheduling [19]). Bnd RTs, we generate an average of 24% performance improvement.
our compiler, we use mutation scheduling together with TiPS [18] fdoreover, in [11], we use the generated timing and RTs for scheduling
better match the application code to the complexities of the architébe cache hit-and-miss operations. By providing the compiler with ac-
ture. curate timings and RTs for the cache operations, we generate an average
The LISA [8] and RADL [22] approaches are targeted mainly to gerof 61% performance improvement over the traditional approach using
erate high-performance simulators. The conflicts are modeled as gigtimistic models.
nals that capture at run time the occurrence of conflicts in the pipeline
stages. In the nML ADL [9], the processor’s instruction-set (IS) is de-
scribed as an attributed grammar with the derivations reflecting the set
of legal combinations of operations. Combinations of operations notWe use Texas Instruments Incorporated’s C6201 VLIW DSP to intu-
recognized by this grammar represent the conflicts. In the instructiively explain the RTGEN and illustrate the complexity of the problem.
set description language (ISDL) [5], ADL illegal combinations of opThe C62 is a state-of-the-art fixed-point DSP with a high-performance
erations are explicitly enumerated. While these approaches have \éW architecture, whose block-level diagram is shown in Fig. 1. The
advantage of being able to capture most of the constraints (includinaid blocks represent pipeline and functional units, while the dotted
those due to bit-width restrictions), the size of specification tends Idocks represent storage components. The interesting features of this
get very large for complex processors. Reference [16] presents a teatthitecture include ILP with up to eight operations being issued in one
nigue for automatic extraction of the IS, from a structural descriptionycle, a complex fragmented pipeline and a complex storage subsystem
specified in the MIMOLA ADL. with two register files (RFA, RFB) with multiple read/write ports and
All the previous approaches presented require manual specificatiomain memory with four banks.
of the conflicts, which is a tedious and error-prone task. We present~or ease of illustration, we have omitted showing the main controller,
an algorithm to automatically generate the set of RTs from a mixg@ipeline latches, ports, and some connections and storages. However,
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the actual RTGEN assumes a complete specification including, for ex- EXPRESSION
ample, the source and destination ports for each functional unit. A de-
tailed description of the TI C6201 architecture can be found in [23]. o>
The TIC6201 processor model we examined has 426 fully qualified
operationg, requiring the specification of 426 RTs. The operation for-
mats supported are the 1-operg@PCODE DEST,)2-operand OP-
CODE DEST SRC1)ynd 3-operandOPCODE DEST SRC1 SRC2)
formats.
The large number (426) of operations makes specification of RTs on o
a per-operation basis very tedious and error prone. Further, specifying
(or generating) RTs is not a straightforward simple task for most archi-
tectures due to the presence of complex architectural features (e.g., the
C62 has fragmented pipeline paths, multiple register files with cross
paths, and varied operation formats). An automatic RTGEN approach
is essential to free the user from the burden of specifying complex RTs
and reduce the possibility of errors in the RTs. Our approach results in
automatic generation of RTs even for architectures with complex fea-
tures (including multiple pipeline paths, bus-based data transfers, agl 2.  Overview of the RTGEN algorithm.
different operation formats).

PHASE |

COMPILER n

PHASE Il

SYNTHES'S

IV. ADL | NFORMATION REQUIRED FORRTGEN

We now describe the essential features required in an ADL to suppc¢
automatic generation of RTs. While we use our ADL EXPRESSSIO" RFA
as a vehicle for demonstrating the automatic generation of RTs from
machine description, it is important to note that the RTGEN approac
we describe is not specific to EXPRESSION. Indeed, any ADL tha
incorporates the (generic) features mentioned below is a candidate 1 l
automatic generation of RTs using our approach. o

The primary characteristic of an ADL for automatic RTGEN is in- = 5
tegrated specification of both structure and behavior (i.e., IS) of th b
system. Below, we summarize the key features of the structural ai '
behavioral specification of such an ADL.

ADL STRUCTURAL SPECIFICATION: The structure (of a pro- 1 1 : H
cessor system) is defined by itsmponentsand theconnectivitybe- E]!_:E]
tween these components. Further, each component is defined by its ‘ pwrech
tributes and the connectivity between components is defined using tv
high-level constructgpjpelineanddata transfe}, as described below.

Component Specification: Every component in the architectureFig. 3. Trace in the TI C6201 architecture.
may be modeled asumit (e.g., ALU), astorage(e.g., register file), a
port or aconnection(e.g., bus). Each component is further described . . .
in terms of itsOPCODES(operations supported by the component), Thg |nformat|or1captured in the ADL allows us to generate resource
TIMING (for multicycle or pipelined components), ahdBEL (a tag conflicts for multiissue processors (e.g., VLIW, Superscalar), with

associated with port/connection components, which, together with Fﬁ%gme”ted pipeline paths, heterogeneous _functional umt_s, and
uygpable latency operations (e.g., an ADD and a MAC operation on

the same functional unit may have different latencies and, similarly,
5. an ADD operation on different functional units may have different

P

MEM SOMTROLER |

WA MEMSR

description of components).
Connectivity Specification: The PIPELINE and DATA TRAN .
FERSconstructs provide a natural and concise way to specify tll%tenues). . . .
net list at a high level. PIPELINE is used to specify the ordering OFfeT-l;hzsfj:\s?:Ir-itrggt;resse?triinuf/ed to drive the automatic generation of
units that comprise the architecture’s pipeline stagéseline paths )
represent the sequence (through time) of execution for the pipeline
units. DATA TRANSFERS are used to specify the valid unit-to-storage V. RTGEN: AN ALGORITHM FOR AUTOMATIC
or storage-to-unit data transfeiBata-transfer pathdypically occur GENERATION OFRTSs

between functional units (e.g., ALUs) and memory elements (e.g., . _
register files). Fig. 2 presents the flow of RTGEN. RTGEN starts from a description

ADL BEHAVIORAL SPECIFICATION:  The behavior of a pro- of the processor, specified in an ADL such as EXPRESSION, and gen-
cessor is defined by its IS. Each operation in the IS is defined in terf&tes the RT for a given operation. RTGEN proceeds in two phases. In
of its OPCODE(the opcode mnemonic associated with the operatior© first phase, the pipeline paths and data transfer segments are com-
OPERANDSthe list of arguments—e.qg., src, dst—associated with tthined to generate a cross-product called traces. Traces do not incorpo-

operation), anEORMAT(the operation format used to indicate the rejfate IS information, but instead capture the behavior of the pipeline as
ative ordering of the various operation fields). a set of possible execution footprints in the netlist. A trace in our ex-

ample, the TI C6201, is shown in Fig. 3 with the bold lines traversing
2A fully qualified operatiorhas all of its fields bound to architectural com-the PG, PS, PW, PR, DP, DC, M1_E1, and M1_EZ2 units, and accessing
ponents such as functional and storage units. RFA and RFB. This trace could be activated by an MPY operation, but
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Algorithm: Phase-l-Generate-Traces Stage 1: PG, Stage 2: PS, Stage 3: PW, Stage 4: PR, Stage 5: DP, Stage 6: DC
Input: Structural specification of the processor (currently in EXPRESSION) Stage 7: RFB, RFB.CROSSPATH, M1.E1.S1, RFA, RFA M1.E1.S2_.CONNECT,
Output: All possible Traces in the architecture MI1_E1.S2, M1.El
Begin Phase [ Stage 8: M1.E2, M1._.E2.D, RFA_M1_E2 D_CONNECT, RFA

pipeline_paths=Get.pipeline_paths_from_ADL(expression_spec);
data_transfers=Getdata_transfers_from_ADL (expression_spec); . X N R
decorated_pps=Decorate_pipeline_paths(pipeline_paths); Fig. 5. Resources used in each stage by the trace highlighted in Fig. 3.
traces=Append.data_transfers_to_pipeline_paths(decorated_pps,

data_transfers),

return traces; Next, procedureDecorate_pipeline_paths@nnotates the units in
End Phase I each pipeline path with the ports corresponding to each data transfer
Procedure: Decorate.pipeline_paths(pipeline_paths) involving that unit. For example, the M1_E1 unit from Fig. 3 is deco-
glput: ?hﬂpigeline-pzths line vath rated with the ports M1_E1_S1 (forthe SRC1 operand)and M1_E1_S2
Begn e pipelion patis (for the SRC2 operand), allowing transfer of data from RFA and RFB to
for each pipeline_path p M1_E1 (for conciseness, we did not represent these ports in the figure).
f°’fe“°h operation format f . ) The ports annotating each pipeline path are chosen based on the op-
or all permutations of resources r implementing the operands from f R . . .
decorate p with the resources r eration formats. In order for a pipeline path to support an operation
N l_ade ;iedcoratetd gipeline path p to list.of decorated_pps format, all the operands referenced in the operation format have to
re st.of_decorated.] y . . . . .
Eng o decorecpps be implemented by a (unique) port decorating that pipeline path. For
example, for the forma®OPCODE FU SRC1 SRC2 D&ihd for the
froc(:dl;}:::ppend;jdata-uagsgers-!o.pi;;eline_paths(decorated-pps,dam.!ransfers) pipeline path PG. PS. PW. PR. DP, DC. M1 E1 and M1 E2. SRC1
nput: The decorated.pps and data_transfers ! ! ! ! ! ! ! — — 7
Output: The traces is covered by the port M1_E1_S1, SRC2 by M1_E1_S2, and DST by
Begin i i i -
for ¢ach decorated pipeline path p l\_/ll_fEZ_D. k‘)l’hus, for e_ach :cl)lpelln_i Ipadth, we t_ry to sathfy eachh opera y
for all permutations of data transfers dt connected to the ports decorating p tion format by generating all possible decorations so that each operan
append all data transfers from dt to p in the format is covered by exactly one port. If for a pipeline path there
remr:‘fif;;’_:r';‘e";‘”““ are multiple formats supported, or multiple ways to decorate it, we du-
End plicate the pipeline path, and use a different combination of ports to
. . . decorate each copy.
Algorithm: Phase-II-Bind-Operations-to-Traces . . .
Input: the operation (opcode, unit, operands, format), and the traces in the architecture Flnally! Append_data_transfers_to_plpellne_patgenerates the
gutpu;hthe lll;F for that operation traces by attaching a data transfer to each port decorating the pipeline
egin Phase . . .
temp_trace list=Find.traces_for_unit. and_format(traces,unit,format); paths. For a given port there may be multlple data transfers, which
for each trace tin list temp. trace_list can be attached. For example, M1_E1_S1 can be used to transfer data
iftall.-units.support.opcode(t,opcode) and between the RFA and M1_E1, or between the RFB and M1_E1, by
operation_format_supported(t,format)) . . . .
Return_reservation._table(t); following a different set of connections. For each port, we consider
End Phase II all the possible data transfers by duplicating the decorated pipeline

] ) paths and choosing a combination of data transfers to attach. The
E'F?e'r:t'ionzoe_';’:cigor'thm' (@) Phase-I-generate-traces. (b) Phase-ll- ID'rf%sult of this step is called traces. One such trace in our example
’ architecture is shown in Fig. 5. It contains the units PG, PS, PW, PR,
DP, DC, M1_E1 and M1_E2 and the data transfers RFB to M1_E1,
since the mapping of traces to specific operation is performed only®fA to M1_E1, and M1_E2 to RFA. The unit M1_E1 reads one
the second phase, this trace is not linked to any operation yet. operand from RFB through the cross connection RFB_CROSSPATH
In the second phase, given an operation, we use the traces, operatiih the port M1_E1 S1, and another one from RFA through the
format, and opcode-to-unit mapping to generate the corresponding RInnection RFA_M1_E1_S1_CONNECT, and the port M1_E1_S1.
Each RT represents the architectural resources used in each pipelid@ unit M1_E2 writes the result to RFA through the connection
stage by a particular operation. In this phase, we can use different stritA_M1_E2_D_CONNECT, and the port M1_E2_D.
gies (with varying computation time and memory requirements) to gen-Phase Il: In the second phase, we traverse the traces in order to
erate the RTs, as explained in Section VI. find the trace corresponding to the input operation. We first narrow
We use traces as an intermediate output of our algorithm beca@@&n the choice of traces to the ones corresponding to that operation’s
the number of traces in a typical processor is small compared to fRgmat and unit. For example, for the operatiMPYM1_E1 RFBO
number of fully qualified operations and, consequently, the number BFAO0 RFAQwe choose only the traces that contain the M1_E1 unit
RTs. Fig. 4 details the two phases of RTGEN. and support the form@PCODE FU SRC1 SRC2 DST
Phase I:First, since EXPRESSION contains a hierarchical descrip- e then verify that all the units in the trace support the operation’s
tion of the pipeline, we flatten out the hierarchy into a set of distiné@Pcode. In this way, we account for cases when different opcodes sup-
pipeline paths. For instance, one flattened pipeline path in the TI C62@arted by one FU require different sets of resources. For example,
is PG, PS, PW, PR, DP, DC, M1_E1, and M1_E2 (Fig. 3). Also, sindBe D1_EL1 unit supports both LD and ADD operations, but LD addi-
the data transfers are described as individual segments, we comgtggeally requires the MEM_CONTROLLER unit, whereas ADD does
them into complete RF-to-FU and FU-to-RF transfer§hese two Not. As the MEM_CONTROLLER does not support the ADD opcode,
steps are necessary to transform the pipeline and data transfers destptraces containing the memory controller are excluded while deter-
tion from the hierarchical EXPRESSION format to the format require@ining RTs for the ADD operation.
by our algorithm. The rest of the RTGEN algorithm is independent of Next, we choose the traces that satisfy the order in the operation’s

EXPRESSION and can be used with any processor ADL containif@gfmat. For example, for the operatiQPCODE FU SRC1 SRC2 DST

At this point, the choice of traces corresponding to that operation
has been narrowed down to one or more traces. A fully qualified op-

3RF stands for register files (e.g., RFA) and FU for functional units (e_ggration corresponds to exactly one trace (which represents the RT for
M1_E1). that operation) and is returned as the result of the RTGEN algorithm.
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TABLE | TABLE 1l
RT GENERATION RTGEN S'RATEGIES FORDLX AND T1 C6201
Arch. EXPR. | Pipeline DT Traces | RTs Time (s) Arch Domain O-T-F Precompute DB Cached
lines paths paths Traces RTs (# Apps.) Time[s] Time[s) DB size | Time(s] DB size
DLX.P a1l 3 5 16 155 0.11 2.71 Armay (1) 2.4 0.3 15
DLX_P2RF 480 4 g 30 952 | 0.44 88.41 Matrix (2) 119 0.6 13
C62_1RF 1064 12 34 56 168 0.60 18.88 DLX MM (4) 50.0 2.7 155 14 73
C622RF 1095 12 44 98 426 1.04 172.59 Numeric (8) 62.0 22 18
Mixed (16) 133.0 49 73
Array (1) 86.5 0.6 21
Matrix (2) 387.0 13 3
For example, given the fully qualified operatidaPY M1_E1 RFBO C62 MM (@) 1735.1 18.9 168 32 30
i Numeric (8) 2440.4 6.2 28
RFAO RFAQthe trace returned as the RT by RTGEN is the one shown Mixed (1653783 3 %

in Fig. 5.
During compilation, the operations are qualified incrementally.

Starting from a generic (nonqualified) operatlon_, the fields are b.oundThe second column shows the number of EXPRESSION lines speci-
one by one (depending on the phase ordering of that particular

compiler) until the operation is fully qualified. In the case of partially Ing the complete architecture (including structure and ISA). The third

qualified operations (e.g., the opcode and FU fields have been bouc%Iumn shows the number of pipeline paths, while the fourth column

but the argument fields have not been bound to the RFs yet), RTGENPWS the number of data-transfer paths in the processors. The flf_th and
SI?(th columns show the number of traces and RTs generated, while the

computes a list of RTs corresponding to all the possible bindings 0 S .
o . . last two columns present the computation time needed to automatically

the not-yet-qualified fields of that operation (e.g., the RTs for the erate the traces and RTs
operations having the given opcode and FU, and all the possible &?{' . want t te th t. . der t i tely f
choices for the source and destination operands). RTGEN can aIsJJ IS Important to note that, in order to comprie accurately for an
rchitecture, all resource constraints (in our case, RTs) have to be ei-

rovide an approximate RT, computed as the intersection (optimist - . .
P bp b (op { )er specified or generated. Especially in the case of orthogonal ar-

or the union (conservative) of the list of possible RTs, thus providing . S .
( ) P P itectures, as each RT corresponds to a fully qualified operation, the

conflict information even in the absence of complete information,
any level during the compilation process, making RTGEN independ mber c.)f .RTS may be very large _(e.g., 952_for DLX—Z.RF)' Manu-
of the phase ordering in the compiler ally specifying RTs on a per-operation basis is very tedious and may
The worst case complexity of Phasé | of RTGEND&: = + (%)) lead to increased errors in specification. Furthermore, simple changes
wherez is the number of pipeline pathg,s the number of datazlfrahs- during architectural DSE may affect many RTs, requiring the re-speci-
' fi(dfation of some or all RTs; in our approach, we only need to re-specify

fers,z is the number of distinct operation formats for that processor, a&}e architecture as the modified RTS are generated automatically, The
w is the maximum number of operands in an operation. Typically, ma . . : "
v P P ypicaly gortance of RTGEN is that it can handle real-life processors, in-

architectures have a maximum number of operands from 3 to 4, andgﬂ:]din VLIW and Superscalar architectures, avoiding manual spec
number of formats is under ten. Moreover, very few of the choices ] 9 P ' 9 pec-

y - . S . ication and updating of this large number of RTs.
(¥) are considered. For example, while considering the choices o n C62_1RF and DLX_1RF, the number of RTs is 168 and 155. On

data transfer for a particular operand, only those corresponding to t . . . o
P P y P 9 ﬁ%ﬁ other hand, for the two register file versions, it increases to 426

operand type (e.g., SRC1) and to the FU assigned to that opera L . . .
are chosen. The worst case complexity of phase Il of the algorithma\gd 952. This is due to the fact that in the 2RF versions, the operations

O(m * n), wherem is the number of traces in the architecture, and may read their operands from two possible locations, leading to a larger

. e . . L . ber of fully qualified operations. The significant difference in RTs
s the number of full alified operations. Since this is the more tirf&™ va P . 9 . .
! ! Wty quatt perat ! S| ! etween DLX_2RF and C62_2RF is due to the different RF architec-

consuming part of the algorithm, we present in Section VI a discus- .
sion exploring different strategies to tradeoff computation-time agai&%{e' For the I.DLX’ the operands of any ope_ratlon can bel_o_ng to any of
memory. the 2RFs, while for the C62_2RF, the restricted gonnect|V|ty between
the FUs and RFs precludes many operand combinations.
To deal with the large number of RTSs, in the following, we explore
different strategies trading off computation time and memory require-
We now present a set of experiments conducted on various processent. Recall that we generate the RTs in two phases: first, we extract a
descriptions and the generated RTs to drive pipelined scheduling ofed of traces, modeling the execution patterns of the operations; second,
set of multimedia and scientific benchmarks. we bind these execution traces to individual operations, in order to gen-
Table | presents the results of the RTGEN on the Tl C62 processwate RTs on a per-operation basis. This separation of concerns allows
and a multiissue version of the DLX processor. In the context of ams to make some interesting tradeoffs between time and memory re-
chitectural DSE, we also present variants of each architecture to shgmirements during RTGEN.
how modifying features of the architecture (such as the register file ar-Phase | of RTGEN—extraction of traces—can be performed rather
chitecture) impacts the number of traces and RTs. quickly (the seventh columnin Table I). As can be seen, itis in the order
The C62 processor is a VLIW DSP, allowing eight operations to b seconds, even for a relatively complex architecture like the C62.
issued per cycle. The multiissue DLX architecture allows four oper&hase Il of RTGEN—binding of RTs to operations—is the more time-
tions per cycle and has a pipeline with up to 11 stages and multigensuming step. We present three strategies, which have varying time
cled units. The first column in Table | describes the architectures fand memory requirements. The first, calleatthe-fly (O-T-F) binds
which the RTs were generated automatically. We experimented witfRds as and when required by tools. The second, caglfedompute
single-register file (C62_1RF, DLX_1RF) version and a two-registelatabasebinds RTs for all operations before hand and stores themin a
file (C62_2RF, DLX_2RF) of the architectures. In C62_2RF (the aclatabase. The third, calledchedis a modified O-T-F approach with
tual C6201 architecture, also shown in Fig. 1), the two-register filé&T's generated on demand, but stored in a database for future access.
are partitioned, with limited connectivity between FUs and RFs. The In Table I, we present the tradeoffs in terms of computation time and
DLX_2RF contains two-register files that are connected to all the funmemory requirement for the generation of RTs using the three strate-
tional units. gies. We ran our algorithm on five sets of benchmarks containing 1,

VI. EXPERIMENTS
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2, 4, 8, and 16 applications from a suite of multimedia and scientifie.g., TIC6X), and deep pipelines, specifying RTs by hand is a very
applications, containing filters (e.g., wavelet), image processing (e.lghorious and error-prone task. Moreover, during architectural explo-
Laplace edge enhancement), and numeric code (e.g., linear recurrgatien, in order to keep the compiler up-to-date with the processor, the
equation solvers, successive over-relaxation, red—black Gauss—Seidsigner needs to reflect the changes to the architecture in the RT spec-
relaxation). For details, please refer to [12]. ification. This is a very tedious task. By automatically generating RTs,

In Table II, column 2 shows the application domain and the numbese avoid the need for explicit specification, and we support fast ar-
of applications in each benchmark set. Column 3 shows the total titigitectural exploration, by automatically reflecting the changes to the
required to generate the Rbm-the-flyfor a parallelizing compiler. architecture in the compiler.

Columns 4 and 5 show the total time (this includes the time requiredWe have presented a set of experiments on the TI C6201 VLIW DSP,
to precompute the RTSs, but not the time to retrieve them from the dages well as on the DLX architecture. Our prototype tool starts from an
base) and database size (number of RTs) needed préhempute DB EXPRESSION description, and generates RTs for the EXPRESS com-
approach, while columns 6 and 7 show the total time and maximysier. We have presented three RTGEN strategies with varying time
database size for treachedapproach. and memory requirements. The experiments show the results on a set

As expected, the time required to generate RTs using the naive O-Dffimultimedia and scientific kernels. Future work will investigate other
approach s very large. However, it requires minimal memory, as it do83 GEN strategies and will also apply these techniques to a wider class
not store any RTs. The database approach works best when compitihgrchitectures.
many applications since the one-time DB computation is better amor-
tized. However, the memory penalty is large when compared to the
other approaches. The cached version results in significant time im- ACKNOWLEDGMENT
provement (as compared to O-T-F) and memory reduction (as com-
pared to database). For example, for DLX, the cached approach perlne authors would like to acknowledge and thank N. Savoiu,
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[24] I{]lsggl;r;]'l?hnetslvllB?Srrij)srztrel\slj:ar?:alille,l ‘sljri-rl;ﬁérigfe.leaﬁ(énline].Available: Assumex, d, ¢, andrem to be the dividend, divider, quotient, and
http://www.trimaran.org. remainder in the division operation. We also denote the radix of the
division as being:. The division is then defined as= ¢ - d + rem.
In the digit-recurrence division algorithm [2], &Lbits of quotient digit
can be obtained every iteration in a radikdlgit-recurrence division.
In other words) bits of quotient can be obtained every iteration. In [3],

the digit-recurrence algorithm is defined as

Design of a Cycle-Efficient 64-b/32-b Integer Divisor
Using a Table-Sharing Algorithm wlj+ 1] =r-wlj]—d-gj11 (1)

Chua-Chin Wang, Po-Ming Lee, Jun-Jie Wang, and Chenn-Jung Hugfere /[ + 1] is the residual of thé; + 1)th iteration,r is the
radix, andg;+1 is the quotient digit generated in tki¢ + 1)th iter-

) . . ation. In aradix#, » = 2*, division, the quotient digit set is defined as
Abstract—In new generations of microprocessors, the superscalar archi-

tecture is widely adopted to increase the number of instructions executed % € Do ={~-a,....-10.1...., a} S'r?Ce”D“”_ >t uses_, more_
in one cycle. The division instruction among all of the instructions needs thanr numbers to present the quotient digits, which make this quotient

more cycles than the rest, e.g., addition and multiplication. It then makes representation form to be a redundant form. Besides, the restriction of
division instruction an important cycles-per-instruction figure for modern  ; is ¢ > [/2]. In (1), the quotient digits are generated in every it-

microprocessors. In this paper, a radix-16/8/4/2 divisor is proposed, which o o4 “Hence, we can define the quotient-digit selection function as
uses a variety of techniques, including operand scaling, table partitioning, ’ !

and, particularly, table sharing, to increase performance without the cost %;+1 = SEL(wlj], d); where theSEL() function can be simplified as
of increasing complexity. A physical chip using the proposed method is im- a table lookup function.
plemented by 0.35um single poly four metal (1P4M) CMOS technology.  Although the digit-recurrence algorithm has been well written in [2],

The testing measurement shows that the chip can execute signed 64-b/32-nere are many unsolved difficulties when it comes to hardwaredly re-
integer division between 3-13 cycles with a 80-MHz operating clock. . s . . .
alizing such a divisor, including the following.

Index Terms—integer division, mixed radixes, on-the-fly conversion, 1) A long adder is needed at the adjustment of the remainder.
operand scaling, table folding, table sharing. 2) Extra adjustment actions are required when the last cycle of the
division contains nonmultiple digits of the radix. (For instance,
|. INTRODUCTION the radix is 16, but there is only 1 b left in the dividend to be
processed.)

3) The adjustment of the remainder is missing when the signed di-
vision is executed.

4) A data flow control unit is required, which provides correct
timing control such that the results of the division can be
correctly placed on the output ports.

5) The size of the quotient selection table will grow exponentially
with the radix. Besides, itis likely that one radix needs one table.

Integer division is a critical operation in CPU design since the
number of clock cycles to complete an integer division is probably
very long and unpredictable. The role of division is becoming more
and more critical owing to the requirement of signed computer
arithmetics, the modulus computation, the calculation of encryption
keys, and so on. Division algorithms can be roughly classified into two
categories, namely, digit-recurrence methods [1] and functional itera-
t"_)r_‘ techniques [1], while the f_o_rmer is commonly used. Regard_ln_g_the These two factors lead to a huge chip area consumption if the
digit-recurrence method, traditionally there are two types of division divisor is implemented on silicon.
schemes, i.e., restoring and nonrestoring schemes. However, they both

require multiple operation steps to derive a quotient bit. Not only is theIn short, th? gbove problems will occur during the reah;qﬂon of a
long signed divisor. If these problems are not resolved efficiently, the

hardware divisor will be large and slow.
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