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Abstract—The Level-2 Trigger Pilot Project of ATLAS, one of Index Terms—ATLAS, computer network performance, dis-
the two general purpose LHC experiments, is part of the on-going tributed computing, LHC, message passing, object oriented
program to develop the ATLAS high-level triggers (HLT). The methods, parallel processing, protocols, technology assessment,
Level-2 Trigger will receive events at up to 100 kHz, which has to triggering.
be reduced to a rate suitable for full event-building of the order
of 1 kHz. To reduce the data collection bandwidth and processing

power required for the challenging Level-2 task it is planned to I. INTRODUCTION
use Region of Interest guidance (from Level-1) and sequential . . .
processing. The Pilot Project included the construction and use of HE ATLAS Level-2 Trigger (LVL2) will receive events

testbeds of up to 48 processing nodes, development of optimized (each of typically 1-2 Mbytes) at up to 100 kHz. This rate
components and computer simulations of a full system. It has has to be reduced to a rate suitable for full event-building of
shown how the required performance can be achieved, using the grder of 1 kHz. To reduce the data collection bandwidth and

largely commodity components and operating systems, and vali- . . . .
dated an architecture for the Level-2 system. This paper describes processing power required for the challenging LVL2 task it is

the principal achievements and conclusions of this project. planned to use Region of Interest (Rol) guidance from Level-1.
By 1998 earlier ATLAS studies [1] had led to the conclusions
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Fig. 1. The hardware architecture studied in the Pilot Project.
as separate input boards, ROBins, and a controller/output TABLE |
interface for a group of ROBins to provide a level of data  NPICATIVE PARA""FESERL%CZN%';ERPFSNRE"&’;';CEREQU'REMENTS
concentration before the switch.) The controlling processor
for an event can delegate part of the processing to anoth¢Parameter Value
processor, for example the FPGA coprocessor for a Full Scan ¢ Total bandwidth in LVL2 network ~ 5 Gbyte/s
the Transition Radiation Tracker (TRT) (an unguided search fo Max Rol request rate per ROB Complex ~ 14 kHz

track segments in the TRT). The trigger decision can be issue Max output bandwidth to LVL2 per ROB| ~ 9 Mbyte/s

: . . L . Complex
at z?lny R?geg Itr\:s'returged to the Sgperw;ozj Yvh|ch d|sctjr|butes I ax Rol Boil Jer/Supervisor Tate T00 *iis
to the s. Rejected events are discarded; accepte events‘Typical mumber of ROB Complexes por data 2

passed to the Event Filter (EF) for further analysis. Within this reguest

architecture the event selection process is sequential, all LVL: Data for TRT full scan ~ 200 kbyte
processors can access all ROBs, and data collection from tt from

ROBs is initiated by the processors using a request—respon:—— ~ 256 ROBs
protocol Typical number of Rols per event 1-2 primary

L . . . . (primary Rols contribute to the LVLI trigger,| ~3 secondary
The principal aims of the Pilot Project were to produce a vali- secondary Rols are below the LVLI threshold)

dated LVL2 architecture and to investigate technologies likely tC Average number of sequential steps executed ~2

be required for its implementation. The Pilot Project built mod-

erately large application test beds using the Reference Software;

developed optimized components for the Supervisor and RolDevelopment of the Reference Software started at the be-
Builder, the ROB Complex (a group of ROBins, together witginning of 1998, using an object-oriented (OO) approach with
its controller/output interface), networks and processors (eset+ as the main implementation language. The required versa-
cially FPGAs); and studied scaling to a full-scale system witility—multiple platforms (Linux, Windows NT), multiple net-

computer simulations. working technologies (ATM, Ethernet, SCI), multiple environ-
Indicative performance requirements for the LVL2 compghents (desktop, online test beds, hybrid systems with copro-
nents are given in Table I. cessors) and extensibility to allow for new concepts—has been

achieved by organizing the software as a set of layered packages.
The software included simple run control, error reporting and
monitoring adequate to support test beds of up-1®0 nodes.

The Reference Software aimed to provide a prototype impleig. 2 shows the software architecture with a request—response
mentation for the complete LVL2 process and a common softrotocol to transfer data between functional components.
ware framework for the Pilot Project activities. These activi- The implementation had to provide a Trigger Processor
ties include evaluation of networking technologies, in particulécombining steering and feature extraction), and emulations of
ATM, Fast and Gigabit Ethernet, and SCI (Scalable CoherdROB Complexes and the Supervisor. These objects could be
Interface); evaluation of optimized components; developmentplemented on the same processor, e.g., for development of
and evaluation of physics and run-time performance of LVL&Igorithms on the desktop, or distributed over multiple nodes
event-selection algorithms; measurements of critical parametims online test beds. For some tests the prototypes of the
on multinode test beds to obtain indications of the system scROB Complex and Supervisor would be used in place of the
ability; and validation of the software architecture. emulations.

Il. THE REFERENCESOFTWARE
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Fig. 2. The software architecture studied in the Pilot Project.

The full functionality is implemented as one application for af 96 nodes at Paderborn University [5]. These systems corre-
single node or split into three applications (Supervisor, Triggepond to a few per cent of the final ATLAS system. Ethernet
Processor, ROB Complex) for the distributed version. (Fast and Gigabit), 155 Mb/s ATM and SCI technologies have

A farm of each of these is used to obtain a high triggdreen studied for the network. All the test beds were based on the
frequency, enough CPU power for the algorithms and enoubardware architecture shown in Fig. 1, although for most tests
bandwidth to supply the detector data to the Trigger Proceabere were no coprocessors and emulations running on PCs were
sors. Use of the (remote) proxy design pattern [2] providedsed for the Supervisor/Rol Builder and ROB Complexes. How-
transparent communications. ever, prototype components (i.e., Supervisor/Rol Builder, ROB

The standard thread scheduling provided by the native @®mplex, FPGA processor) developed in the functional-com-
(Linux, Windows NT or Solaris) has been used in the ATM, SQionent activities were integrated for some tests.
and MPI [3] test beds. The Ethernet test bed used an optimized’he Reference Software has been run on all test beds under
package MESH [4] to provide fast thread switching and suppdrinux and Windows NT, and at Paderborn under Solaris. The
the optimized Ethernet driver. The software is Symmctric MUATM test bed was also run with the C-based ATM Test Bed
tiprocessor (SMP)-ready but tests have concentrated on singitware developed for the Demonstrator Program under Win-
and dual CPU PCs. dows NT, Linux and LynxOS. A series of measurements were

Performance measurements with ATM and Ethernet used @igvised for the test beds to obtain performance results of the var-
timized drivers. The much heavier TCP and UDP protocols weigus LVL2 components. The following sections consider each of
used mainly for software development and testing. Some of ti¢ components in turn. Results from the test bed measurements
tests with SCI used MPI, with only a small performance loss.are given together with the description of the functional-compo-

The Reference Software has been run in many configurationgnt activities.
using various network technologies. As is described in the fol-
lowing sections it has been shown to scale to systems of up to
~100 nodes. The tests indicate that the required component per- IV. THE ROB GOMPLEX

formance can be obtained with commodity hardware (PCs) an

OS software (such as PC/Linux). The request—response ba?:%tudles dOf t?e Reagﬂm Bu{Lers ERtOB.S) C?Ln b|c?ed paerr
architecture has been validated. Though not yet fully optimiz ¢ >'9n and system modeling with prototyping ot haraware. €y

the 1/0 performance obtained with the test beds gives good a_\rame_zters for the a_lssessment of dlfferent_ LVL2 processing
r}Irategles and for different system scenarios were obtained

d|pat|ons that the requ[rements of the LVL2 trigger can be m%om the paper models [6] and computer models [7], whilst the
with this software architecture. . . ) X
feasibility of different implementation approaches was demon-

strated in performance measurements of several hardware
prototypes.

A key focus of the work was to investigate grouping sets of

The test beds were established to use the Reference Shfiffers into a ROB Complex. This comprises a number of input
ware: to check that individual components meet the requirbdffers (ROBins) with a single controller and output interface.
performance; to provide information on scaling up to moderakxtreme cases considered are the simple ROB with a single
size systems; and to provide data for the full-system computeput buffer and the Active ROB [8] with many buffers and con-
models. The ATLAS specific test beds varied in size from 25 iderable local processing power. These options are documented
50 nodes. In addition use was also made of a commercial clustef9].

Ill. THE TESTBEDS
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The prototype studies demonstrated that buffering froohannels operate in parallel. The LVL1 event ID, embedded in
ATLAS compatible readout links at the projected ATLAS evergvery Rol fragment, is used to identify the Rol fragments be-
rates can be achieved with a number of designs; the NIKHHE®hging to a given event and for the assignment to an RolB
ROBIn prototype [10] has directly achieved a 160 Mbyte/shannel. The assigned channel builds the Rol fragments of an
input rate, whilst prototypes [11] built to an earlier 100 Mbyte/svent into a record, the other channels discard these fragments.
specification have been successfully operated in test beds an@ihe RolB was tested with an input card which supplies pre-
are now being upgraded. loaded Rol fragments for up to 1024 events. These tests included

Measurements of ROB Complex emulators (running on PQs3e of the Supervisor/RolB integrated into ATM and Ethernet
in test bed configurations have demonstrated the operationtest beds. The hardware was demonstrated to run at the required
ROBout interfaces. The principal aim was to provide a datates without errors or introducing deadtime.
source, consistent with that expected from a ROB Complex, forWithin the test beds, the Supervisor concepts were also tested
testing other components in the test bed. The performanceusfng Supervisor emulators. Measurements included scaling
this emulation was measured in different test beds. The perfaith the number of Supervisor emulators and the dependence
mance is consistent with that used in paper models and giw#sthe rate of a single emulator as a function of the number
confidence that the network connection from the ROB Complef Rols per event. With a single Rol, a rate ®fL.1 kHz per
to the LVL2 system is attainable over the network technologi&upervisor emulator is reached. The results also show that the
studied. system rate scales with the number of Supervisors and a rate of

In addition, a prototype of the Saclay ROBin [12] was intet20 kHz was achieved with twelve Supervisor emulators (no
grated into the ATM test bed. A ROB Complex composed d?olIB) on the Paderborn cluster.

1, 2, or 3 ROBiIns was tested on VME, CompactPCI (LynxOS) Thus a prototype RolB has been built using FPGAs in a

and PC-Linux platforms. The ROB controller was a 400 MHhighly parallel architecture. The design uses custom hardware
Linux-PC that served the requests frevi0 processors via a for the most demanding tasks, which reduces the demands
155 Mbit/s ATM link. For typical fragment sizes of 1-2 kbyteon the other Supervisor components, so that they can be
the maximum measured service rate almost reached the bantghlemented using standard processors. The RolB has been
width limit of the ROB Controller link (16 Mbyte/s in this integrated with a Supervisor farm into ATM and Ethernet test

implementation). beds. The RolB plus a small Supervisor farm have been shown

Further performance gains can be made if pre-processiogsatisfy the requirements for the LVL2 trigger, i.e., up to a
(such as data selection or reformatting) is performed on thete of 100 kHz.
data within the ROB Complex. Examples of this have been
demonstrated in [13] and [14].

It has been demonstrated that the ROB requirements can
be satisfied with current technology: projected input rates canThe first task of a LVL2 processor is to collect data from many
be handled; output to LVL2 and to the Event Builder (EBgources and the second task is to process the data received. The
is achievable at the necessary rates and bandwidth; sospephasis in the test beds has been on the first task and on quan-
on-the-fly pre-processing is possible. The implementatiaifying the resources needed for this. It was demonstrated that
studies showed a compact design for the ROBIn is achievabigth all of the network technologies a single processor could
allowing the construction of a ROB Complex with several (3—@ollect data corresponding to a typical Rol (1-4 kbytes from
ROBins. COTS hardware seems to be able to support the outacitoss a few ROBs) at a few kHz. Whilst this data collection
requirements but perhaps not the input rates. The Pilot Projéaie is significant, the total farm sizes envisaged imply much
has also provided checklists for future ROB design work.  lower rates per processor, leaving the larger part of the time for
algorithm processing.

While the number of ROBs involved in data collection for an
Rol is small, several other tasks require gathering data from all

The basic functions of the Rol Builder (RolB) and Supervisdhe ROBs of a given subdetector (e.g., all TRT ROBs in a com-
are as follows: On each LVL1 accept, the Rol Builder receivgdete search for tracks for the B-physics trigger), several sub-
Rol information fragments from the LVL1 system. These Raletectors, or in the case of event building the whole detector.
fragments are formatted into a single record for each event. Theis data collection was investigated with the ATM test bed soft-
RolIB then transfers the record to a selected Rol processor withiare. With 20 processors, each collecting data from 20 ROBs, a
the Supervisor. The Rol processor manages the event throsgbktained global throughput of 260 Mbyte/s and 328 Mbyte/s is
LVL2. It allocates the event to a LVL2 processor; forward theneasured for ROB data fragments of 2 kbyte and 4 kbyte respec-
Rol record to this target processor; receives the decision batiely. Data blocks of 80 kbyte equally spread across 20 ROBs
updates the statistics; packs the decisions and multicasts trengathered at 4 kHz.
to the ROBs. As already noted the use of sequential selection reduces the

A prototype RolB was designed, produced and tested [1Betwork and processor requirements and allows more complex
Since the RolB must operate at event rates as high as 100 kdfigorithms to be run at lower rates. To validate the principle of
without introducing dead-time, the prototype was implementenultistep data transfers and processing a test was run on the
entirely in hardware, using FPGAs with a design emphasizimtuster at the University of Paderborn [5] with the Reference
parallelism. This allowed an architecture where several Roloftware including algorithms for three detectors: calorimeter

VI. PROCESSORREQUIREMENTS AND MEASUREMENTS

V. THE Rol BUILDER AND SUPERVISOR
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Fig. 3. The latency for 3 step sequential selection.

e.m. clustering, TRT tracking and precision tracking in thactive backplane slots is used for external connections. The
Semiconductor Tracker (SCT) and pixels. The Supervisor aR®GAs are mounted on the ATLANTIS Computing Board
RoB emulators were preloaded with data #a8000 jet events, (ACB). Communication between the ACB and the PC is via the
preselected to contain at least one LVL1 e.m. Rol (about 152€I backplane. When connected to a test bed the ATLANTIS
of the events contained two Rols). The menu consisted of thigestem appears as a normal PC with accelerator features.
consecutive steps, the fraction of events accepted after eaclihe full-scan TRT algorithm [17] was implemented on
step was 0.19, 0.05 and 0.02. ATLANTIS, with the most time-consuming parts performed
The latency as measured in the Supervisor (the time interitalthe FPGAs. FPGA execution is performed on-the-fly as the
between sending the LVL1Result and the reception of tf@RT hits arrive in the ACB and the execution time is largely
LVL2Result—see Fig. 2) is shown in Fig. 3(a). It includesletermined by the PCI data transfer rate. Tests demonstrated a
communication, data preparation and actual processing tinfector 6 improvement in the total execution time compared to a
Communication delays contribute500 is. The Rol data 300 MHz Pentium Il [18].
size is ~10-20 kbyte, contributing anothexr300 us for In addition to standalone tests, the ATLANTIS system, run-
each Rol/detector combination. The distribution reveals timng Windows NT, was successfully integrated into the ATM
sequential execution of the three algorithms: calorimeter e.tast bed [18]. The ATLANTIS system appeared to the Refer-
clustering predominantly below 4 ms, subsequent TRT trackiegce Software as a normal trigger processor. It was demon-
at 4-7 ms and final SCT/pixel precision tracking extendingtrated that event data could be transferred from ROBs to the
beyond 7 ms. The average and median values are 3.7 ms AMHANTIS system and that the algorithm quality was identical
3.1 ms, respectively. The effect of rejection at early stages in tttethe CPU-only implementation.
sequential process is shown explicitly in Fig. 3(b): 50% of the This work indicates how FPGA coprocessors could be in-
events finish within 3.1 ms, 95% within 7.2 ms and 99% withiluded in standard processors in a transparent way, offering sig-
10.8 ms. (Note the processors are 450 MHz dual Pentium Il yhificant performance improvements for suitable compute-inten-
Thus processors in test beds using the Reference Softwsike algorithms and hence a reduction in the size of the processor
have demonstrated: data collection within an Rol from a singigrms required.
detector at an acceptable rate; a three-step sequential selection

strategy with prototype algorithms running on a multinode test v/|||. M EETING THE NETWORK REQUIREMENTS WITH
bed with the processor requesting simulated event data from AVAILABLE TECHNOLOGIES

ROB emulator nodes. Networking technologies for the ATLAS HLT/DAQ system
have to support large data collection networks connecting the
ROBs to hundreds of destination processors. Depending on the
Modeling [6] shows that the size of the LVL2 trigger farmdetector readout and event selection strategy, the raw bandwidth
required may be determined primarily by the need of thequirement is estimated to be in the range of 4-6 Ghyte/s.
B-physics trigger to execute a track search in the full inner-d&he networks have to transport various types of traffic with dif-
tector volume. The full-scan algorithms allow considerablerent requirements in terms of bandwidth, message rate and la-
parallelism and are good candidates to run in FPGA-bastmcy. Protocol messages are characterized by a relatively small
processors. size (~tens of bytes), a high rate-tens of kHz per node), and
The FPGA implementation studies during the Pilot Projeabainly flow from the destination processors toward the ROBs.
focused on the ATLANTIS processor system [16]. This is Blulticast capability is likely to be required (e.g., to distribute
combined FPGA and CPU-based computing system housedrigger decisions to the ROBs). Data traffic, characterized by the
a CompactPCI crate. A standard Intel Pentium PC—a Comencentration of messages toward the processors from a number
pactPCIl computer—which plugs into one of the ATLANTISof ROBSs, requires a high bandwidth. Data collection of Rols re-

VII. Use oOFFPGAs As COPROCESSOR
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Fig. 4. The full-scale system model.

quires low communication overheads, whilst for the full scan onodel [28] has been developed based on Ptolemy. The simula-
event building, care must be taken to resolve network congdiens include sequential processing based on the LVL1 trigger
tion, minimize data loss and sustain the event rate. menus, as used for the paper models. The behavior of the test

Extensive tests have been made with ATM, Ethernet and S@&ds has also been modeled, to obtain a deeper understanding
beyond the scope of this short paper. The architectural, concepthe test bed results and to calibrate and check the models.
tual and technology studies done with ATM are described in The architecture of the model of a full-scale system is shown
[19] and [20]. Ethernet developments, evaluations and modeliiigFig. 4. Events are generated internally in the program on
studies are documented in [4], [21]-[24]. The SCI studies afflee basis of a trigger menu. A realistic mapping of the detector
documented in [25]-[27]. into the ROBs is used to determine for each Rol position which

None of the technologies used the TCP/IP stack, ATM us&PBs should be sent data requests. Very good agreement has
a custom driver over ATM Adaption Layer 5, Ethernet used Rgen found between results from the paper model and the C++
custom driver with raw Ethernet frames and SCI used a simflEogram (using average values, rather than distributions, for pro-
message passing over the shared memory driver. ATM and E¢8SSing times and event-fragment sizes). The Ptolemy simula-
ernet tests included multiswitch tests, and ATM also investion work, which started in the last year, is expected to help with
gated mixing LVL2 and Event Building traffic (studying thefurther verification of results and will also provide an environ-
congestion avoidance mechanisms of this technology). ment for detailed network switch models. N _

In the test beds all of the technologies were able to demon* typical run of the C++ model has 1 million triggers.
strate the level of component performance (ROBSs, Supervié%‘?suns indicate that for the onv-lumlnosny trigger (with farm
and processors) required by the final trigger system. HowevBfOCESSOrs at 80% load) requires less than 1000 fragments to

although SCI is becoming more widely adopted it is likely t§€ Puffered in the ROBs, so a ROBin buffer memory size of

remain in a niche market with small volumes and few sourcesMPYte would be sufficient. The peak for decision times is at

The most likely relevance to ATLAS is inside commerciaft €W Milliseconds, with the B-physics triggers giving a second

clusters. Therefore no further studies of SCI are planned @?ak at around 45 ms. ) ,
ATLAS. A Ptolemy model of a large system with a multistage

The other two technologies studied are commodity arlrzothernetswncfhlz(a ceEn;raI G'gab_'t Etherr?et Ew'tch colnnected d
therefore particularly interesting candidates for ATLASIC @ number of Fast Ethernet switches) has been implemente

Link speeds are increasing from the 100 Mbit/s to the Gbit[gs]' The model was calibrated using the Ethernet test bed

; ; ; asurements.
range—already a wide range of high-performance switch&¥ o . .
exists in these technologies. In both technologies the cost Lg?els of a fulll;scE\Ie (;slysét%m |n<j|c$te that.b thelgé@hz_oo
a large network £1000 ports), including switches and hosl‘ riggers may be handled by a similar number (100-200)

- : of 1000 MIPS processors at both high and low luminosity;
dapters, tob thin the ATLAS t estimates. . :
acapters, appears to be within the cost estimates the maximum data volume for LVL2 through the network is

20-40 Gbit/s for low luminosity (including the inner detector
full scan for B-physics) and 10-25 Gbhit/s for high luminosity;
IX. EXTRAPOLATION TO A FULL SYSTEM the TRT full scan increases the processing power and network
bandwidth required in the LVL2 processors significantly.
Extrapolation to the full system has been done using boBurrent estimates indicate that450 processors, each of
paper models [6] and discrete event simulations. A discret®00 MIPS and with an FPGA coprocessor, would be needed.
event model has been written in C++ [7]. In addition a separaféthout the coprocessors the number increasesto0.
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X. CONCLUSION [15]

In addition to the conclusions drawn in each section it can
be concluded that: The main aims of the Pilot Project have been
reached; The options chosen at the end of the Demonstrator Prgg)
gram have been validated; The software architecture has been
validated.

Choices of components and candidate technologies for LVL2
now have a large overlap with choices for DAQ/EF—Data-ac-

quisition and Event Filter—(PCs for processors, ATM andl

17]

Fast/Gigabit Ethernet for networking).
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