
3 System Design Flow Down

The basic characteristics of the LSST observing system follow directly from the science programs 
described in Chapter 2.  The telescope itself must have a wide Þeld of view in order to obtain 
several hundred images of each area of the sky over an entire hemisphere in only 10 years.  
The aperture must be large in order to achieve the sensitivity required to reach faint limiting 
magnitudes.  The wavelength coverage must be broad in order to derive photometric redshifts 
and to characterize the ages and metallicities of stellar populations.  The telescope must be 
located at a site with a very high percentage of usable nights distributed reasonably uniformly 
throughout the year.  Terabytes of data must be obtained every observing night and reduced in 
near real time in order to keep pace with the data ßow and to send out alerts within a minute 
or so of detections of interesting changes in brightness.  The raw images must be converted to 
well-calibrated data products that can be used by a broad community.

The challenge of the systems engineering program is to translate these general science 
requirements into quantitative technical speciÞcations for the LSST telescope, camera, and 
data management systems and to ßow down the requirements to each component of these 
major subsystems.  This chapter of the proposal describes the process and the simulations that 
were used to derive the properties required of the baseline design.   Chapter 4 then describes 
in detail the baseline design for the three major subsystems.  System-related topics, including 
imaging and survey performance analysis, calibration, and operations, are covered in Chapter 
5.  The broader impacts of the LSST and the Project Execution Plan are described in Chapters 6 
and 7, respectively.

3.1 LSST DESIGN PROCESS

The LSST design process has followed an iterative cycle that seeks to resolve the tensions that 
exist among science goals, design feasibility, and Þscal limitations (Figure 3-1). Throughout 
the design cycle, system deÞnitions and requirements have been guided by the performance 
requirements that ßow from the four principal science missions: 1) exploring the nature of dark 
matter and dark energy, 2) taking a census of the solar system, 3) opening the time domain, 
and 4) understanding the formation history of the Milky Way. In addition to their intrinsic 
scientiÞc merit, the four science missions were chosen because they demand the highest levels 

Science
Requirements/Goals

Financial
Goals/Limitations

Engineering/Design
Specifications

Design

Construction

Tensions and Trades

FIGURE 3-1    The LSST design process showing primary tensions and trades. 
Green arrows depict secondary feedback paths. 
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of technical performance in image quality, photometric and astrometric accuracy, sensitivity, 
and so on.

3.2 REQUIREMENTS FLOW AND TRACEABILITY

The LSST project developed a requirements traceability matrix as a tool to manage requirements 
flow throughout the design process cycle. A traceability matrix is a relational database that links 
requirements to their sources (backward traceability) and to the design elements derived during 
the design iteration cycle (forward traceability) (Gotel and Finkelstein 1994; Huffman et al. 
2003).1 
The LSST traceability matrix maps the four core science missions from engineering 
requirements to implemented design. As shown in Figure 3-2, our traceability matrix is 
comprised of three separate “regions,” each containing distinct types of information relevant to 
the LSST design and development process: 1) science requirements, 2) system definition and 
requirements, and 3) system design. The three matrices are relational databases that allow us 
to follow a specific requirement and its relationships forward and backward between science 
mission(s), design, and final realization. The traceability matrix and associated documents 
are the indispensable working tools used throughout the design and construction phases; as 
scientific and analytic approaches progress and develop, their impact on LSST requirements can 
be systematically assessed through the matrix. 

3.3 SCIENCE REQUIREMENTS FLOW (REGION 1)

LSST science requirements are defined by the four principal science missions, the observational 
programs that support them, and the methods and analyses used to extract the science from 
the data (See Figure 3-3; LSST Document-221). Table 3-1 summarizes the relationship between 
science missions, observational programs, and techniques, and the performance parameters 
they influence. The products of the science requirements matrix are the specifications for the 
full survey and for the constituent individual images. 

1 The use of traceability matrices is commonplace in large software development projects (Ramesh et al. 1997) and has 
become all but required in NASA and other aerospace projects (Weiss et al. 2005).

FIGURE 3-2    A schematic representation of the three regions comprising the LSST 
traceability matrix
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FIGURE 3-3    Schematic representation of the LSST 
science requirements traceability region as described 
by the Science Requirements Document (SRD)
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TABLE 3-1   Primary LSST Science Missions, Related Observing Programs,  
Analytic Methods, and Survey Requirements 

Science Mission Obs. Program and 
Experimental Design 

Analytic Methods and 
Techniques 

Survey Requirements 

Dark Energy/ 
Dark Matter 

Strong lensing 
Weak lensing 
Super novae 
Cluster counting 
Growth of structure 
BAO 

Source shape 
Photometric redshifts 
Image differencing 
Precision photometry 
Photometric variability 
Deep image stack 

PSF concentration 
PSF shape systematics
Survey area 
Filter definition 
Single exposure depth 
Photometric precision 
and accuracy 
Exposures per filter 
Survey cadence (time 
between revisits) 
Spectral coverage 

Solar System Census NEAs 
TNOs 
MBAs 
Comets 

Image position 
Image differencing 
Moving object linkage 
Time series analysis 

Astrometric precision 
and accuracy 
Survey cadence 
Survey area 

Time Domain/ 
Transient Discovery 

Micro-lensing 
Gamma ray bursts 
Active galactic nuclei 
Periodic variable stars 
Planet transits 
Unknown events 

Image differencing 
Photometric variability 
Time series analysis 
Precision photometry 

Photometric precision 
and accuracy 
Survey cadence  
Data processing delay 

Milky Way science Galactic structure 
Accretion streams 
Density structure 
Solar neighborhood 
census  

Image position 
Precision photometry 
Precision astrometry 
Photometric variability 

Astrometric precision 
and accuracy 
Photometric precision 
and accuracy 
Survey cadence 
Survey area 
Spectral coverage 
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3.4 SYSTEM DEFINITION AND REQUIREMENTS FLOW (REGION 2)

The second region of the traceability matrix focuses on the system requirements. The science 
requirements ßow into a set of deÞning technical requirements and related documents that 
specify the LSST system and its major system elements. The image and survey requirements in 
the SRD provide input to this region, and these requirements are further deÞned through system 
simulation and ßow down error budgeting (Figure 3-4). Additional system and project constraints 
include physical limitations related to the site, operational issues, Þnancial and schedule 
directives, and other project requirements with no direct linkage to the science requirements. 
The system level results of the requirements ßowing through this region are captured in 
two documents: the Operational Concept DeÞnition Document (OCDD) and the Functional 
Performance Requirements Document (FPRD). (Both documents will be made available for the 
Conceptual Design Review.) These are the primary engineering reference documents that deÞne 
the LSST system. 

The Þnal step documented 
in Region 2 is to use the OCDD 
and FPRD to deÞne the major 
system elements. The segregation 
of functional and operational 
requirements makes it possible 
to organize the system into 
discrete elements with individual 
requirements. Interface deÞnitions 
govern the functional relations 
and interactions between these 
elements.

Explicit System Requirements

Many of the science requirements 
ßow directly (or nearly so) to 
system design and performance 

Requirements
Derivation

Tools

Error
Budgets

Image &
Optical

Simulations

Operation
Concept
Definition

Exposure
Time

Calculator

Site

Technologies

Fiscal

Schedule

S
ys

te
m

 &
P

ro
je

ct
C

on
st

ra
in

ts

Cadence
Simulator

Functional
Performance
Requirements

S
ys

te
m

 D
ef

in
iti

on
 &

R
eq

ui
re

m
en

tsExplicit System RequirementsExplicit System Requirements
S

ci
en

ce
 R

eq
ui

re
m

en
ts

Element  ICDs

System Element 
Interface Definitions & 
Requirements

Optical Design

Site

Telescope

Camera

Data Mgmt.

Calibration

OCS

Commission

Operations

Element Req.
Document

FIGURE 3-4    A schematic representation of the system definition 
and requirements region of the traceability matrix

TABLE 3-2    Examples of System Requirements 
Generated from LSST SRD 

Parameter Sys Req. Syst. Influence 

Wavelength:

Coverage 320-1100 nm Constrains opt. 
design, coatings, 
sensors 

Spectral bands u, g, r, I, z, Y Determines filter 
design 

Image Quality (ref to 0.6 seeing): 

Median PSF size 0.67 Optical design 

Median PSF 
ellipticity 

0.04 Optical design, system 
stability 

Camera:

No. of internal 
filters 

5 Camera design 

Min. exposure 
time 

1 s Shutter design 
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requirements. A partial list of system requirements taken directly from the science requirements 
document is shown in Table 3-2.

Simulation-Derived System Requirements

Many system requirements must be derived from the speciÞcations in the SRD. We have 
used three simulation tools to derive system requirements: 1) the cadence simulator for time 
dependent requirements, 2) the LSST exposure time calculator to determine requirements 
relating to system sensitivity; and 3) the image and optics simulation to derive the image error 
budgets and their subsystem allocations.

TABLE 3-3   Summary of Time-dependent Requirements Affecting Overall 
System Efficiency (derived from LSST operations simulator) 

Parameter Requirement Subsystem Influence 

Site:  
Usable time fraction 70% Affects all subsystems and 

system efficiency requirements 
Median atmospheric 
seeing 

0.7 arc sec 
FWHM 

Influences the optical design and 
system efficiency requirements 

Optical System:  
Throughput (étendue) 300 m2deg2 Derived primarily from site 

characteristics and survey area 
and depth; affects optical design 
and camera requirements 

Telescope Mount: Mount stiffness, drive system, mirror supports, 
camera hexapod, safety checks, power 
consumption 

Azimuth acceleration 7.0 deg s-2

Azimuth velocity 7.0 deg s-1

Elevation acceleration 3.5 deg s-2

Elevation velocity 3.5 deg s2

Elevation range 15–86.5 deg 
Azimuth range ±270 deg 
Time to settle 3 s 

Dome: Dome mass, drive system, safety 
Azimuth acceleration 1.75 deg s-2

Azimuth velocity 3.5 deg s-1

Entrance aperture 
elevation acceleration 

0.875 deg s-2

Entrance aperture 
elevation velocity 

1.75 deg s-1

Camera: Camera mechanisms; data mgmt capacity 
Exposure time 2  15 s 
Sensor readout time 2 s 
Internal filter change 
time 

<120 s 

Filter complement 
change time 

6 hr 
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The LSST operations simulator (OpsSim: LSST Document-1640), which was used to 
establish the survey reference design described in Chapter 5, is also an engineering tool for 
setting some of the minimum system performance parameters. The OpsSim functions as a tool 
for assessing the feasibility of achieving various survey goals in terms of depth, sky coverage, 
and frequency of visits, given realistic constraints such as weather at the chosen site, observ-
able sky, minimum slew time, down time, etc. Within OpsSim, the observatory model contains 
modules describing the time-dependent characteristics and behavior of the site, telescope, 
dome, and camera that affect the number of science observations that can be made. Using 
the OpsSim, we have derived the minimum performance requirements of the time dependent 
systems (summarized in Table 3-3) that are needed to achieve the survey goals.

Requirements relating to the system sensitivity have been derived using the LSST Exposure 
Time Calculator (ETC, LSST Document-3103). For a specified exposure time, the ETC estimates 
the expected point source magnitude and signal-to-noise ratio given system losses, detector 
performance, and site conditions (LSST Document-303). The ETC incorporates a complete 
model for the system efficiency, including effective aperture, coatings, and detector quantum 
efficiency. In addition, the ETC takes into account sky brightness, atmospheric transparency, 
and other site characteristics affecting the net system sensitivity. Table 3-4 summarizes those 
system requirements derived through the use of the ETC.

TABLE 3-4   System Requirements Affecting Sensitivity of the LSST 
Derived from the Exposure Time Calculator 

Parameter System Requirement Subsystem Influence 

Site:  Site Selection 

u g r i z Y Atmospheric Transparency 
(% at Zenith) 

60 84 91 95 95 96 

20th 50th 80th 100th Sky Brightness Percentile V 
(mag/arcsec2) 21.3 20.7 19.5 18.0 
Optical System: Filter and Optical Designs 

Effective Clear Aperture >6.5m 

u g r i z Y Filter Center Wavelength (nm) 

368 481 617 749 869 1001

u g r i z Y Filter Width (nm) @ 50% 
response 70 160 138 141 110 60 

Optical Coatings: Coating Chamber Design, 
Mirror Serviceability 

u g r i z Y Mirror Coating Reflectivity (%) 
(spectral band wave)  >85 >90 

Lens AR Coatings <2% per surface over full wavelength 
range 

Detector: Detector Technology and 
Design 

u g r i z Y Minimum QE (%) 
(spectral band average) 30 65 80 80 65 30 

file://localhost/var/folders/oL/oL5p+qx8ElCfN6O0AgBPlU+++TI/-Tmp-/PreviewTemp-U1w5KP/9-ReferencesCitedArticles/LSSTDoc-303.pdf
file://localhost/var/folders/oL/oL5p+qx8ElCfN6O0AgBPlU+++TI/-Tmp-/PreviewTemp-U1w5KP/9-ReferencesCitedArticles/DelgadoEtAlOp-SimDocument-1640.pdf
file://localhost/var/folders/oL/oL5p+qx8ElCfN6O0AgBPlU+++TI/-Tmp-/PreviewTemp-U1w5KP/9-ReferencesCitedArticles/LSSTDoc-3103.pdf
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Error Budgets

Image simulations through the Earth’s atmosphere and optical simulations have been used 
to derive the error budgets and to allocate fabrication tolerances. These simulations have also 
served to validate the system performance.

We maintain two principal error budgets for tracking the image quality delivered by the LSST 
(Sebag 2006b). The first is a traditional RSS (square root of the sum of the squares) budget 
of the radially symmetric image blur quantified by full width at half maximum (FWHM). The 
second budget is unique to the LSST: it tracks the shape of the delivered point-spread function 
(PSF) ellipticity through the contributions to the PSF second moments of intensity. In each error 
budget, the total error is distributed among all the categories and subcategories identified as 
potential sources of degradation. This distribution of the allocations is based on information 
available from other projects, manufacturing capabilities, and results from modeling studies 
or estimates. Top-level error budgets for both image size and shape are shown in Figure 3-5. 
We use these error budgets to track system performance as informed by a bottom-up analysis 
as well as providing allocations to individual subsystems for deriving their requirements. All 
allocations appear achievable.

These error budgets are used in two ways. The first, a semi-static analysis, allows us to 
analyze the imaging performance under specific conditions of the LSST system and observing 
conditions. By varying individual or a limited subset of terms as a function of design realization, 
we can probe system sensitivities as they relate to the delivered image size and shape. This 
provides us with a tool to assess the distribution and allocations to individual subsystems 

Values in Arcsec

0.67   Delivered Image Quality Level 1

0.60   Atmosphere 0.31   System Level 2

Telescope  0.25 0.17   Camera Level 3

1. Optical Figure and Active Optics 0.23 0.08 1.Static Optics
2. Optical Alignment (Static & Dynamic) 0.08 0.05 2. Dynamic

3. Vibrations: Wind buffetting and Jitter 0.04 0.14 3. Focal Plane assembly
4. Observatory seeing 0.02
5. Tracking 0.04

LSST Image Quality Error Tree [FWHM]

Angle Averaged 0.095

0.005 0.005
0.000

a b
Level 1 Total Total Level 1

0.674 0.095
Atmosphere Atmosphere

0.601 0.014142136

Optics
0.305

Maximum Elongation

Radial Symmetric Blur

Ellipticity

FIGURE 3-5   Top-level error budgets for image size and shape
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against specific design choices. The static ellipticity budget assumes that all sources are aligned 
to establish a worst-case limit. 

In the second method, we use distributions of individual error budget elements in a Monte 
Carlo sense to understand the probability of delivering images of a given quality. The individual 
distributions (histograms) are taken from empirical measurements specific to the site (e.g., wind 
speed and direction, native seeing, and temperatures) and from specific targeted analyses of 
the LSST design. When assessing the probability of delivered ellipticity (Figure 3-6), the Monte 
Carlo analysis also includes randomization of the orientation of individual contributors.

3.5 SYSTEM DESIGN (REGION 3)

The third region of the requirements matrix catalogues the LSST system design (Figure 3-7). 
This begins with organizing the system elements that evolved from the FPRD and OCDD in the 
previous region into logical construction subsystems, including an operational plan. For the 
purposes of execution and management, LSST system elements are grouped by the three major 
subsystems: 1) the telescope itself, 2) the camera, and 3) the data management system. These 
three subsystems form the top layer of the LSST work breakdown structure (WBS). 

The WBS provides the framework for tracking the requirements and implementation of 
the LSST. The WBS shows the hierarchy of the various parts of the system, conveys the logical 
subsystem relationships for construction, and helps manage the internal interface control 
documents (ICDs). This portion of the matrix tracks the design by managing the requirements 
that govern each WBS element. This is a critical final step in the matrix because the lowest 
levels of requirements are contained in these documents. In addition, their origins are important 
in order to reconcile final achievable component specifications and as-built performance 
measurements with the overall LSST requirements. The individual teams responsible for the 
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three subsystems manage the content of this region and choose tools that are optimum for their 
diverse needs. Intra-system relationships are governed through region 2.

The data management system design process must address off-the-shelf computing, 
storage, and communications hardware and system software, integrated with custom-developed 
application software. Analysis of lessons learned from other data management systems 
underscores the need for a rigorous software engineering process that translates system and 
subsystem functional requirements into software architecture and design, particularly for 
custom-developed software. 

In view of this, the LSST Data Management System has been specified using the Iconix 
Process, which employs Unified Modeling Language (UML) in an Agile Process (Rosenberg 
1999; 2005) to extend the system and subsystem requirements into UML specifications, and 
ultimately to program codes. 

In the first step of the process, the functional requirements specifying what the DMS must 
do are re-cast as a set of scenarios (Use Cases) describing how the system will accomplish 
the required set of functions and produce the required data. The necessary intermediate 
and end data products are further specified as UML Domain Classes. These two artifacts are 
then validated by a process called Robustness Analysis. This set of artifacts represents the 
translation of system and subsystem functional requirements into the software preliminary 
design. In the next step of the process, these artifacts are further detailed and mapped 
into specific implementation technologies (e.g., programming language constructs and 
standards, database and file system constructs, etc.) to derive the detailed design of the 
software. The detailed design is sufficiently elaborated to be able to generate the structural/
declarative portions of the program code. These code “skeletons” are then completed with the 
implementation of the logic described in the sequence diagrams.

Both the UML models and the traceability between the system and subsystem functional 
requirements and the models for the DMS are maintained in a tool called Enterprise Architect 
from Sparx Systems, Inc. 

FIGURE 3-7    Region 3 of the traceability matrix tracks detailed design and 
implementation
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