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ABSTRACT
When updating router configurations, network operators often attempt to meet a variety of management objectives (e.g., maintaining
structural similarity across devices), while also ensuring all forwarding policies are correctly satisfied. Our tool, AED, automates this
process. AED models configuration updates as a collection of syntax
tree additions and removals, and formulates an innovative system of
SMT (Satisfiability Modulo Theory) constraints that encode configurations’ structure and interaction with routing algorithms. Operators
express management objectives in a high-level language, and AED
translates these to “soft” constraints that are maximally satisfied.
Evaluations on real and synthetic network configurations show that
AED can update networks with tens of routers and hundreds of
policies in under a minute, and AED outperforms both hand-crafted
updates and state-of-the-art tools in meeting management objectives.
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1

INTRODUCTION

Modifying router configurations is a fact of life for network operators.
For example, a study of 850 datacenter networks operated by an
online service provider found over half of the networks have at least
ten change events per month [23], and a study of two university
campus networks found that over a million lines of configuration
were changed in each university’s network over a 5 year period [30].
Configuration changes are often motivated by a change in forwarding
polices—e.g., to accommodate new services or end-hosts [30].
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Modifying a network’s configurations to implement new forwarding policies can be a daunting task due to the plethora of policies
the network must satisfy [13], the inherent complexity of crossprotocol and cross-device dependencies [4, 12, 21], and the sheer
size of router configurations [12, 35]. Fortunately, the burden of
modifying network configurations can be reduced through (partial)
automation of changes. Network operators have routinely leveraged
configuration templates, scripts, and network management software
to modify configurations [14, 24]. For example, scripts perform up to
60% of changes in the 850 networks operated by the online service
provider [23]. More recently, practitioners have begun to “compile”
(partial) configurations from policy databases [2], and researchers
have developed systems to synthesize (partial) configurations from
intents [10, 17, 18, 42, 44].
Regardless of whether changes are performed manually or automatically, network operators must ensure the changes achieve
the desired forwarding policies—e.g., providing connectivity to
new end-hosts—without introducing regressions—e.g., breaking
connectivity for existing end-hosts. Moreover, the changes must be
performed in a manner that meets an organization’s network management practices—e.g., maintaining configuration similarity between
devices with the same role [12, 23, 27], minimizing the number of devices affected [21], etc. Existing synthesis tools have been designed
to guarantee configuration correctness [10, 11, 17, 18, 21, 42, 44],
but little attention has been dedicated to guaranteeing correctness
while also satisfying management objectives.
The scarcity of support for this duo of concerns is due in part to
the lack of a principled understanding of network operators’ configuration management objectives. Consequently, we interviewed
or surveyed 58 network operators, and found that the size/scope
of changes—e.g., which devices are modified—and the structure
of the resulting configurations—e.g., maintaining the same packet
filters across devices—are both very important to network operators (§3.1). However, existing synthesis tools either ignore these
concerns [10, 18] or only support one of these two categories of objectives [11, 17, 21, 42, 44]. Furthermore, no tools allow operators
to express custom management objectives.
This leads us to explore the following research question: can we
design a system that efficiently synthesizes configuration updates
which conform to a network’s custom management objectives and
forwarding requirements?
We answer this question in the affirmative with the design of a
system we call AED. AED takes as input a network’s management
objectives, forwarding policies, and current configurations. Within a
few minutes, AED produces a set of configuration updates that rectify forwarding policy violations and maximally satisfy management
objectives.
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MOTIVATION

Satisfying all forwarding policies is the central goal of modifying
network configurations. To understand what other factors operators
take into account during updates, we examine the configuration
change practices in over 50 organizations using one-on-one interviews and operator surveys (§3.1). We find that many operators (1)
use limited automation to generate configuration changes, and (2)
take into account many key factors beyond forwarding policies. Finally, we argue why existing tools [10, 17, 21, 24, 42] fail to meet
operators’ needs (§3.2).

3.1 Study of configuration change practices
We first conducted one-on-one interviews with operators from four
different networks. Using the results from these interviews, we developed and conducted a survey of operators from an additional 54
networks2 to study the configuration change practices used in production networks. The operators manage a variety of networks, including
enterprise (41%), data center (50%), service provider (54%), and research & education (17%) networks. Half of the networks have more
than 100 routers, and one-tenth have fewer than 10 routers. About
two-thirds of operators employ automation to generate changes from
templates and deploy changes to routers, but only one-third synthesize changes from high-level specifications (Figure 3a). The latter
is not employed in small networks and is most heavily employed in
service provider networks.
In our one-on-one interviews, we asked operators an open-ended
question: besides satisfying policies, what additional factors do you
consider when making a configuration change? A total of seven
factors were suggested to us. Then, in our survey, we asked operators
1 For

simplicity of exposition, we ignore equal-cost multipath routing.
advertised our survey to the North American Network Operators Group (NANOG)
and EDUCAUSE Network Management Constituent Group.
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process selects and stores the best route (per IP prefix). The route
selection algorithm for each process compares fields in a predefined
order: e.g., BGP prefers routes with the highest local preference;
if they are equal, then the shortest path length, and so on. Since
each router can have only one route per prefix,1 a router selects the
best (i.e., lowest administrative distance) route among all its routing
processes. The chosen process then advertises this route to all of its
neighbors. Note that routers can also originate routes for specific
IP prefixes: e.g., B originates a route for the directly connected
prefix 2.0.0.0/16 (line 8). Finally, during packet forwarding, each
router forwards packets using the best route, provided the packet is
permitted by a packet filter (if any).
Networks must often satisfy a diversity of forwarding policies [8,
17], such as: blocking traffic between specific subnets (P1); forwarding traffic through specific intermediate devices, or waypoints (P2);
enabling packets from one subnet to reach another subnet (P3); or
ensuring specific traffic is forwarded along a different path than other
traffic (not shown).
When a new forwarding policy (e.g., P3) is introduced, a network’s configurations must be updated to satisfy the new policy,
without violating any existing policies. For example, P3 can be satisfied by updating the packet filter on router B (line 17–18) to allow
P3’s traffic class.
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Figure 3: Operator survey results

to rate the importance of these seven factors when they change their
network. Figure 3b shows for each factor the percentage of operators
that reported the factor was moderately or very important for at least
one type of change. We observe that all factors are at least moderately
important for more than 80% of operators. Operators also wrote-in
a few other factors that influence configuration changes, such as
ensuring changes are easily verified and reversible.
Configuration similarity. The most important factor (very important to 90% of operators) is keeping configurations similar across
devices with similar roles. For example, in a data center, each router’s
role is rack, aggregation, or spine. Devices in the same role have
the same configuration template, and configuration similarity is violated if a device’s configuration deviates from its template. For
example, filters are often copied verbatim across devices with the
same role [9, 14]. If the filters of one device are modified—i.e. new
rules are added and/or existing rules are removed—then it violates
the configuration similarity (template) of those devices.
Further, we observe a substantial (49%) correlation between keeping configurations similar and making debugging easier. This concurs with prior studies, which show that networks with high configuration similarity are less complex for operators to update [12].
Interestingly, our survey results show that configuration similarity
is very important even for operators that reported using automation
to generate changes from templates or synthesize changes from highlevel specifications. This is in large part because not all network
changes are automated. For example, one operator we interviewed
said they recently started synthesizing route filters from specifications, but all other configuration changes were still done manually.
Similarly, a prior study showed that in almost all networks operated
by a large online service provider, at most two-thirds of the changes
were automated [23]. In such networks, ensuring that automated and
manual changes are similar helps debugging.
Devices changed. Minimizing the number of devices changed is
very important to 38% of operators, and avoiding changes on specific
routers (if possible) due to known hardware or software problems is
very important to 30% of operators. Interestingly, there is a substantial (50%) correlation in the importance operators assigned to these
two factors, suggesting that the former is partially motivated by the
latter. For example, one operator we interviewed indicated some
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Table 1: Coverage of management objectives and configuration
components ( = supported, G
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of their routers had flash reliability issues, so they sought to minimize the number of times they changed the configurations on these
routers. Furthermore, irrespective of this known issue, the operator
indicated there is always a risk for things to go wrong when an updated configuration is pushed to a device. This risk likely underlies
the positive (32%) correlation we observe between the importance of
minimizing/avoiding devices and minimizing the downtime required
to deploy a change.
Feature usage. In our survey, 61% of operators indicated it was very
important to avoid using certain protocols/features. Prior studies
have found that operators may avoid certain routing protocols due
to their additional licensing costs [12], or avoid features that can
introduce routing loops (e.g., route redistribution [32]). Furthermore,
we observe a substantial (68%) correlation between the importance
operators assigned to this factor and making future changes easier.
In summary, operators are concerned with: (1) the structure of
configurations, (2) the size and scope of configuration updates, and
(3) the features used.

3.2 Limitations of existing tools
Inspired by our operator study, we seek a tool that automatically
generates configuration updates satisfying a range of management
objectives and forwarding policies. Although several types of configuration synthesizers exist, they offer limited support for key management objectives (Table 1).
Templates. According to our survey (Figure 3a) and prior studies [12], one widely used class of tools generate portions of configurations from specialized templates [24, 33, 43]. These tools
fill-in-the-blanks in a pre-defined configuration segment with appropriate prefixes, link weights, etc. to satisfy new policies—e.g., enable
new hosts to reach the rest of the network and vice versa. Although
these tools can support configuration structure and feature usage
objectives, they require manual effort to construct suitable templates.
Furthermore, templates often cover only part of the configuration;
ignoring the structure and semantics of other parts of the configuration can lead to policy violations and suboptimal satisfaction of
management objectives.
Clean-slate synthesizers. These tools [10, 42] take as input the network topology, a set of policies [14], and possibly a configuration
sketch. They produce brand-new, policy-compliant configurations
for every router in the network. Some of them bound the use of certain protocols: e.g., Zeppelin [42] bounds the number of static routes,
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OSPF domains, etc. However, since these tools ignore current configuration, they cannot satisfy update size and scope objectives (e.g.,
minimizing the number of devices updated). Furthermore, some of
these tools focus only on a narrow swath of configuration components: e.g., Propane [10] only synthesizes BGP configurations.
Incremental synthesizers. These tools [11, 17, 21, 44] take as input a set of policies and the network’s existing configurations, and
produce configuration patches to fulfill any previously unsatisfied
policies without violating policies that were already satisfied by the
existing configurations.
CPR [21] creates a graph-based model of a network control plane
and produces updates that change the fewest lines of configuration
(which is modeled via changes to edges in the graph-based model).
However, CPR cannot satisfy configuration structure or feature usage
objectives, because CPR’s high-level control plane representation
only captures configuration semantics, not configuration structure.
NetComplete [17] is another incremental synthesizer that automatically generates portions of configurations. NetComplete models
configurations’ semantics and syntax at the level of individual route
advertisements and filtering policies using SMT constraints. Configuration values (e.g., filter rule actions) are symbolic, to allow the
SMT solver to find a set of values that satisfy a network’s policies.
However, in NetComplete, operators have to manually reason about
which values to leave symbolic and how possible values impact
different management objectives. This is very challenging given the
complexity of today’s configurations [12]. Consequently, satisfying
objectives requires significant manual guidance.
Other incremental synthesizers have similarly limited support for
management objectives. Jinjing [44] focuses on a single configuration component as it only repairs packet filters. Propane/AT [11]
uses a high-level abstract topology to generate templates, and it
updates only devices whose templates have changed. But it does not
allow operators to control the features used and the scope of updates.
Additionally, Propane/AT was designed for topology changes and
not policy changes.
In summary, existing configuration synthesis tools fall short in
satisfying operators’ needs w.r.t. configuration changes.

4

OUR APPROACH: AED

Our tool, AED, addresses the aforementioned shortcomings. AED
takes as input: (i) a set of forwarding policies, expressed for specific
source/destination subnets using existing high-level languages [17,
41]; (ii) a network’s current router configurations, which violate one
or more forwarding policies; and (iii) a set of configuration management objectives, expressed in a new high-level language (§7.1).
AED generates a set of configuration updates that rectify forwarding
policy violations and optimally satisfy management objectives.
Generating such updates requires a framework for reasoning
about: (i) the semantics of potential configurations, to ensure policy
compliance; (ii) the syntax of potential configurations, to satisfy
configuration structure and feature usage objectives; and (iii) the
difference between current and potential configurations, to satisfy
update size and scope objectives.
Our key insight is to model configuration updates as a set of syntax tree additions and removals. By modeling configurations (and
updates) at a syntactic level—instead of a higher-level intermediate
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is currently configured, then we introduce a delta variable to represent the potential disabling of the protocol or adjacency (e.g.,
rm_A_BGP_Adj_B). The protocol parameter variable is constrained
to be true as long as the protocol or adjacency isn’t disabled. For example, since there is a route adjacency between A and B in Figure 1,
BGPAdj A→B will be constrained as follows:
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1
2
3
4
5
6
7
8

if add _A_BG P B _Or iд _new ∧ mat ch(out BG P A→B .pr e f ix, policy . dstPrefix)
then
or iдinat e A→B .adver t ise = true
or iдinat e A→B .pr e f ix = POLICY.DST P REFIX
else if mat ch(policy . dstPrefix, 1 . 0 . 0 . 0/16) ∧ ¬rm _A_BG P B _Or iд _1 then
or iдinat e A→B .adver t ise = true
or iдinat e A→B .pr e f ix = 1.0.0.0/16
else
...

BG P Ad j A→B ⇐⇒ ¬rm _A_BG P 1_Ad j _B

Conversely, if a protocol or possible adjacency isn’t configured,
then we introduce a delta variable to represent the possible enabling
of the protocol or adjacency (e.g., add_D_BGP), and we constrain
the protocol parameter variable to only be true when the corresponding delta variable is true.
Route filters. Route filters define a set of match-action rules that
are applied to route advertisements. AED models the constraints
representing filters as if-then-else statements. For example, Figure 5
shows the encoding of B’s route filter that is applied to BGP advertisements from A.3 The constraints modeled as if-then-else statements
(1) match the filter rule with the advertisement (line 4), and (2) set
the action fields of the rule based on configuration constants. The
actions associated with each rule: (i) dictate whether the advertisement is allowed or dropped (line 5), and (ii) set the value of certain
metrics (line 6) like local preference, administrative distance, etc
(unspecified fields get default value). Next, AED uses delta variables
to encode the addition, removal and modification of filter rules. To
model rule removal, AED includes a rm_ ∗ _r Fil_∗ delta variable in
the match conditions (line 4). To modify the actions of existing rules,
AED uses (i) boolean delta variables to update filter allow actions
(line 5); and (ii) integer delta variables to update preference values
assigned to routes (line 6). AED represents preference values as the
sum of the current constant and an integer delta variable. Finally,
to model rule additions, AED prepends an additional conditional
statement (line 1-3) predicated on add_ ∗ _r Fil_∗ delta variables.
If the same filter is applied to advertisements from multiple neighbors, then the constraint is replicated for each neighbor.
1
2
3
4
5
6
7
8
9
10

if mat ch(out BG P A→B .pr e f ix, policy . dstPrefix) ∧ add _B _r F il A _new then
f il t er B→A .allow = B _r F il A _new _allow
...
else if mat ch(out BG P A→B .pr e f ix, 1 . 0 . 0 . 0/16) ∧ ¬rm _B _r F il A _1 then
f il t er B→A .allow = B _r F il A _1_allow
f il t er B→A .lp = 100 + B _r F il A _1_lp //by default lp is 100
...
else
f il t er B→A .allow = ¬B _r F il A _2_allow
f il t er B→A .lp = 20 + B _r F il A _2_lp

Figure 5: Encoding of route filter on B
Originated prefixes. Originated prefixes are encoded similar to
route filters: a constraint identifies the originated prefix that matches
the destination prefix of the target policy (POLICY . DST P REFIX) and
stores the matched prefix in a symbolic variable. Figure 6 encodes
prefixes originated by A. It is unnecessary to make the prefix constant
a symbolic variable, because we can realize a change in prefix by
removing the current originated route and adding a new originated
route.

3 if-then-else

is syntactic sugar that can be translated to a conjunction of implications in
classic first-order logic.

Figure 6: Origination of prefix from router A
Packet filters. Packet filter also consist of a set of match-action
rules and are encoded similar to route filters. For example, Figure 7
encodes B’s packet filter using rm_ ∗ _pFil_∗, add_ ∗ _pFil_∗, and
∗_pFil_ ∗ _allow delta variables.
if .. then
else if mat ch(policy . srcPrefix, 3 . 0 . 0 . 0/16) ∧ mat ch(policy . dstPrefix, ∗) ∧
¬rm _B _pF il D _1 then
pF il B←D .allow = false ∨B _pF il D _1_allow
else if ... then

Figure 7: Match-action rules for packet filter on B
Upper bound on delta variables. We now discuss the upper bound
on the number of delta variables added in AED’s encoding. Note
that we add delta variables for different key router configuration
elements. We first model adjacency update using delta variables to
remove existing route adjacency and add new route adjacency. If
the network has R routing processes, then in the worst case scenario,
each R process can be a neighbor of the remaining R − 1 processes.
This will create R 2 route adjacencies in the network. Hence, the
upper bound on the number of delta variables added for adjacency
is R 2 . Next, we model route filter updates. For each filter prefix
that already exists in the configuration files, we add delta variables
to remove the match condition (and hence the rule) for that prefix
and modify its filter actions. Additionally, we use delta variables to
represent adding a new filter rule w.r.t. the policy being synthesized.
Hence, the upper bound on the number of delta variables added for
route filters is the number of unique prefixes (P) in AED’s configuration files and policies. The same logic applies to packet filters and
origination prefixes. Since each adjacency will have its own filters
and origination prefixes, the upper bound on the total number of
delta variables will be a function of R 2 and P, i.e. O(R 2 .P).

6

POLICY COMPLIANCE

Next, we discuss how AED guarantees configuration updates satisfy
operator-specified forwarding policies.

6.1 Encoding routing algorithms
The control plane advertises, computes, and selects routes based on
routing algorithms. AED’s encoding of these algorithms are similar
to tools like Minesweeper [8] and NetComplete [17]. For brevity,
we explain the encoding at a high-level leaving detailed descriptions
to Appendix A.
AED models receiving and sending of route advertisements using
constraints expressed over symbolic route advertisements. Certain
fields of the symbolic advertisement depend on the route filter that
applies to the adjacency (e.g. lp), while other fields are populated
from the adjacent process’s outgoing advertisement (e.g. pre f ix).

AED
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Next, AED creates control and data plane forwarding variables for
each physical adjacency: e.g., controlFwd A→B and dataFwd A→B
represent A’s decision of whether to forward traffic to B. AED
models the route selection algorithm using a preference relation
over route metrics (prefer routes with lowest ad, highest lp, etc). A
router’s best route determines which interface (e.g., controlFwd X →Y )
is used to reach the destination listed in the policy. AED encodes
traffic forwarding using a dataFwd variable whose value is constrained based on the chosen route and any packet filters defined in
the configuration.

6.2 Encoding policies
AED can compute updates for a wide range of policies, including:
reachability, blocking, isolation, waypointing, path preferences and
length constraints, and avoiding loops and black holes. The target
policy is expressed using the dataFwd variables. For example, P2
in Figure 1 is encoded as:
dat aF wd B→C ∧ dat aF wdC →A

specific prefix. When we introduced filter (add_ ∗ _r Fil_∗) and origination (add_ ∗ _Oriд_∗) delta variables in §5.2, we did not include a
symbolic variable for the prefix to the which the addition applies, because the encoding only considered one policy, and hence one prefix.
Now that our encoding contains multiple policies, we need to create
specialized per-prefix versions of these and related variables (e.g.,
filter variables ∗_r Fil_ ∗ _allow and ∗_r Fil_ ∗ _lp) to allow network
paths to be customized on a per-prefix basis through the addition of
prefix-specific configuration constructs. Similarly, we need to create
per-prefix-pair versions of packet filter variables: add_ ∗ _pFil_∗
and ∗_pFil_ ∗ _allow. With rm_ ∗ _r Fil_∗, rm_ ∗ _Oriд_∗, and
rm_ ∗ _pFil_∗, the impacted prefixes are already included in the
constraint, so we do not need multiple versions of these variables.
Similarly, routing adjacencies are not prefix specific, so we do not
need multiple versions of add/rm_ ∗ _Adj_∗.
By applying the aforementioned transformations to AED’s model,
we ensure the model faithfully represents the real network’s decision
processes and constrains update options to the space of correct and
valid router configurations.

Figure 8: Encoding of waypoint policy P2
Handling multiple policies. The above encoding is designed to
model a network’s behavior w.r.t. a single policy. However, computing separate configuration updates for each policy can lead to an
update, and hence network paths, that satisfy one policy but violate
another. For example, consider the network and policies in Figure 1.
Due to the packet filter on B, the network currently satisfies policy
P1 and violates policy P3. Using the above encoding to compute an
update that satisfies P3 may result in an update that removes that
filter on B, which causes P1 to be violated. Thus, when computing
updates, AED must consider how a configuration change may impact
multiple policies.
The above encoding contains only one set of symbolic route advertisements between each pair of routing processes, so the encoding
can only be used to reason about one destination prefix at a time. To
reason about multiple policies with different destination prefixes,4
we must introduce multiple sets of symbolic route advertisements—
1 . 0 . 0 . 0/16
2 . 0 . 0 . 0/16
one for each prefix, e.g., inBGP B←A
and inBGP B←A
. Furthermore, since the constraints that encode route filters and originated prefixes (e.g., Figure 5 and 6), route sending and receiving
functions, and route selection (§6.1 and Appendix A) are predicated
on the route advertisements, we also include per-prefix versions of
these constraints and variables. The data forwarding decisions (e.g.
dataFwd) depend on packet filter, which may filter on the basis of
source and/or destination prefixes, so we must include per-prefix-pair
versions of these constraints and variables. All of these additional
constraints and variables—needed for correctness—substantially
increases the size of the SMT problem; we address this in §8.
Now that our encoding contains variables and constraints specialized for different prefixes, we must consider how configuration
changes—which are modeled by our delta variables (§5.1)—can impact different prefixes. For example, removing a routing adjacency
prevents all prefixes from being advertised to a neighboring router,
whereas a route filter rule (e.g., a conditional in Figure 5) impacts a
4 If

policies’ prefixes partially overlap, we can subdivide policies into non-overlapping
packet equivalence classes [26].

7

MANAGEMENT OBJECTIVES

In §3.1, we showed that operators consider many factors when updating configurations. To ensure updates computed by AED account
for these factors, we introduce a high-level language for operators
to express management objectives. Objectives expressed in this language are translated into boolean formulas and appended to the SMT
encoding as soft constraints.

7.1 Objective language
We observe that operators’ management objectives focus on restricting how specific (elements of) configurations are updated. Consequently, in AED, an objective is expressed as a high-level restriction
on syntax subtrees. AED’s overarching goal is to satisfy as many
objectives as possible.
Restrictions. Based on our survey results (§3.1) and review of prior
work [21, 42], we identify three primary restrictions: eliminate subtrees (E LIMINATE), make a set of subtrees consistent across devices
(E QUATE), or avoid changes altogether (N O M ODIFY). AED supports these restrictions and encodes them in SMT constraints using
boolean operators (described later in §7.2). AED can easily be extended to support additional restrictions, as long as they can be
encoded using boolean operators—e.g., a “prefer changes” restriction is simply the negation of N O M ODIFY.
Syntax subtree selection. The objectives in §3.1 apply to various
subtrees of the configuration syntax tree (Figure 4): some apply
to a specific router—e.g., avoid changing routers with hardware
issues—and some apply to a particular feature—e.g., maintain packet
filter clones. In AED, the relevant subtrees are expressed using
XPath [3]. XPath is designed for selecting nodes of an XML document based on node names, attributes, and relative location in the
XML tree. AED uses XPath expressions to select root nodes of
syntax subtrees based on node type (e.g., PacketFilter), node name
(e.g., internal), and node location. For example, all instances of a
packet filter called internal can be selected using the expression:
//PacketFilter[name="internal"]
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Objective
Preserve packet filter
clones
Minimize number of
devices changed
Avoid changing devices
with HW/SW issues
Avoid protocols/features
(e.g. static routes)

Constraints
E Q U A T E //PacketFilter
G R O U P B Y name
N O M O D I F Y //Router G R O U P B Y name
N O M O D I F Y //Router[name="B"]
N O M O D I F Y //Router[name="C"]
E L I M I N A T E //RoutingProcess
[type="static"]/Origination
G R O U P B Y prefix

Abhashkumar et al.

restriction: N O M ODIFY is the negation of the disjunction of the variables; E LIMINATE is the conjunction of negated add and non-negated
remove variables; and E QUATE is the conjunction of the equality of
sets of variables associated with nodes in the same position in each
of the subtrees. For example, the objective in the first row of Table 2
translates to the following soft constraint:
rm _D _pF il B _1 = rm _B _pF ilC _1 = ..∧
D _pF il B _1_allow = B _pF ilC _1_allow = ..∧
rm _D _pF il B _2 = rm _B _pF ilC _2 = .. ∧ ..

Table 2: Encoding important management objectives

8
Multiple objectives. An objective is satisfied if the specified restriction holds true for all syntax subtrees selected by the XPath expression. For example, N O M O D I F Y //Router is satisfied if all routers’
configurations are unmodified. To express the objective of minimizing the number of devices changed, an operator must define multiple
objectives with different XPath expressions. For example, N O M O D I F Y
//Router[name="A"] is satisfied if router A’s configuration is unmodified, N O M O D I F Y //Router[name="B"] is satisfied if router
B’s configuration is unmodified, etc. Since such enumeration is tedious and error prone, we introduce a G ROUP B Y clause whose
semantics is to group syntax subtrees based on a specified attribute
of the root node and apply the restriction to each group. For example, N O M O D I F Y //Router G R O U P B Y name defines a N O M ODIFY
objective for each router, thus codifying the objective of minimizing
the number of devices changed. Note that G ROUP B Y is syntactic
sugar and does not fundamentally change the semantics of AED’s
objective language.
By default, every objective is assigned equal weight: e.g., avoiding
changes on one router is just as desirable as avoiding changes on a
different router. However, operators can assign weights to different
objectives to express their importance.
Examples. Table 2 shows how to express the management objectives
discussed in §3.1. To make AED easier to use, we include a library
of pre-defined objectives (including those in Table 2) for operators
to choose from. If these objectives do not meet operators’ needs,
then operators can define their own objectives using restrictions and
XPath expressions.

7.2 AED: Encoding management objectives
To ensure AED computes updates that maximally satisfy management objectives, we convert the SMT problem into a maximum satisfiability modulo theories (MaxSMT) problem. A MaxSMT problem
contains hard constraints that must be satisfied and soft constraints
that should be maximally satisfied. In AED, hard constraints are
the previously presented constraints that encode forwarding policies (§6.2), configurations (§5.2), and control/data plane algorithms
(§6.1); these are necessary to ensure the computed updates are correct.
AED creates a soft constraint for each objective (after “desugaring” G ROUP B Y clauses) expressed by operators in AED’s objective
language. The constraint encompasses the delta variables associated
with the nodes in the syntax subtrees selected by the objective’s
XPath expression. (As mentioned in §5.1, AED creates a delta variable for each current and potential node in the syntax tree). The
selected delta variables are constrained according to the objective’s

OPTIMIZATION STRATEGY

The above network model enables AED to compute correct, optimal
configuration updates. However, the complexity of the resulting
SMT formulation is substantial, and hence the time required to solve
it is high. For example, we find that updating a network with just
20 routers and a few hundred policies takes 20 minutes. Moreover,
the time to compute updates is ≈40X worse than the state-of-theart incremental synthesis tool [21]. Next, we propose three distinct
strategies that significantly improve AED’s speed.
Pruning irrelevant configuration. The parallels between AED’s
encoding of configuration and configuration’s syntactic-structure
is essential for realizing many important management objectives
(e.g., maintaining configuration similarity). However, a significant
fraction of a network’s configurations is often irrelevant for a given
policy, as they do not overlap with the source and/or destination
prefixes associated with that policy. For example, only those packet
filter rules that match a given destination will impact reachability to
that destination—i.e., lines 4–7 in Figure 5 are irrelevant for policy
P3 from Figure 1.
The inclusion of irrelevant conditionals in origination, route filter, and packet filter constraints, and the delta variables associated
with these clauses, increases the computational complexity of the
constraint problem, thereby reducing AED’s efficiency. Fortunately,
we can statically prune a significant fraction of the irrelevant conditionals and delta variables by examining whether a rule applies to
(part of) the same traffic class covered by a network policy: if the
range of source and destination prefixes matched by the conditional
does not intersect with the range of source and destination prefixes
covered by a network policy, then the conditional, and its associated
delta variable, is a candidate for pruning. For example, Figure 5 is
encoded as the following for policy P3:
if mat ch(out BG P A→B .pr e f ix, policy . dstPrefix) ∧ add _B _r F il A _new then
f il t er B→A .allow = B _r F il A _new _allow
...
4 else
5
f il t er B→A .allow = true ∧¬B _r F il A _2_allow
6
f il t er B→A .lp = 20 + B _r F il A _2_lp
1
2
3

Grouping policies based on a destination address. As discussed
in §6.2, AED considers all policies in unison to compute valid
updates. To overcome the resulting performance issue, we formulate multiple MaxSMT problems, one per destination. These perdestination formulations are significantly smaller in size, and having
multiple SMT formulations allows us to solve them in parallel.
The solutions to each problem will not conflict, because routing
can always be customized on a per-destination basis using route
filters and static routes. For example, the problem presented in §6.2
with applying AED separately for P1 and P3 in Figure 1, can be
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EVALUATION

We prototype AED [1] atop Minesweeper [8]. Minesweeper uses Batfish [20] to parse router configurations, and the Z3 SMT solver [16]
to encode and solve the underlying SMT formulation. We add our
objective language and modify Minesweeper to incorporate our
syntactic-level, update-oriented network model. In all, this amounted
to ≈ 4K lines of Java code.
Next, we evaluate AED along a variety of issues:
• How effective is AED at meeting different management objectives? Is AED useful in practice?
• How does AED’s performance compare with other incremental
synthesis tools? Does AED’s generality lead it to be slower than
the less general CPR?
• How does AED’s performance scale with network size and the set
of policies that need to be satisfied?
• How well do AED’s optimization techniques work?
We compare AED against two other incremental synthesis tools,
CPR [21] and NetComplete [17]. We use NetComplete with all
configuration constructs made symbolic.5
All our experiments were performed on machines with 10 core
2.4 GHz Intel Xeon Processors and 132 GB RAM.
Dataset. We run extensive experiments on both real and synthetic
network configurations. For the former, we use configuration snapshots from 24 datacenter networks operated by a large online service
provider. The dataset does not include operators’ intended policies,
so we infer all of a network’s reachability policies by checking for
reachability between every pair of subnets using Minesweeper [8].
These 24 networks have between 2 and 24 routers, and support 50
5 NetComplete

is an incremental tool, but there is no easy way to use it as such to
compare against AED, because NetComplete needs manual guidance to be used for
incremental synthesis (§3.2).
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Figure 9: Minimize devices and lines changed
b) PFs added

b) Template Violation
% violating devices

6

PFs added (AED)

addressed by updating B’s packet filter to match both source and
destination prefixes. However, the computed updates may be suboptimal w.r.t. the management objectives, because the management
objectives are considered separately for each destination. However,
in practice the computed updates are (close to) optimal (§9.3).
Replacing integer variables with booleans. AED uses integer variables for cost and metric (e.g., ad, lp, med) values when computing
updates that change which routes are preferred (§5.2). However, each
integer variable in the model expands the space of possible updates
by a factor of 232 . To reduce the space of possible updates, we constrain the possible integer values to a small set of values represented
by boolean variables. For cost and metric values, the set of values
we choose is based on our observation that we only need to know the
relative rank of the route, not its absolute “distance” from another
route. In most cases, changing a route’s rank to have an equal or
in-between rank relative to other routes is sufficient. Consequently,
if the current configurations contain n distinct values for a cost or
metric, we limit the set of possible new values to (2n+1) choices. For
example, if the network model currently contains three distinct BGP
local preference values (50, 100, and 150), we limit the choice of
new values to one of seven choices: LP 0−49 , LP 50 , LP 51−99 , LP 100 ,
LP101−149 , LP 150 , LP 151−inf . We replace the integer variable lp in
the network model with (2n + 1) boolean variables corresponding to
the choices in the set.

% devs changed
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Figure 10: Other management objectives

to 6600 reachability policies. In our experiments, given a network’s
“before” snapshot, we run AED with different objectives to update
the “before” configurations to new configurations that satisfy all
policies observed in the “after” snapshot. We then compare AEDgenerated configurations against the actual “after” configurations.
The “after” configurations are the result of operators manually updating, with limited automation [23], the “before” configurations.
To compute manual updates, we only consider changes related to
routing/forwarding. To compute changes in templates, we group
configurations based on their filter rules in the “before” snapshot.
We then compare these segments of the configuration across the
actual “before/after” snapshots.
To evaluate AED’s scalability and performance, we use synthetic
BGP configurations generated by NetComplete [17] for 10 network
topologies of varying sizes (30-160) from the Internet topology
zoo [31].
For brevity, we show most results by updating networks to support
new reachability policies. We show results for adding other policy
types in §9.2.

9.1 Management objectives and utility
AED allows operators to optimize updates for a variety of management objectives. We study the effectiveness with which AED
supports such objectives.
9.1.1 Quantitative Analysis. First, we quantitatively compare
updates made by AED against manual and other synthesis tools.
We use four objectives: minimize devices changed (min-devices),
minimize lines changed (min-lines), preserve templates (preservetemplates), and minimize the use of packet filters (min-pfs).
For real data center networks, we compare AED and CPR against
manual updates. We cannot use NetComplete for these networks as
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9.1.2 Qualitative Analysis. Next, we surveyed operators from
four different networks and asked them to rate three anonymized
synthesis tools (AED, CPR and NetComplete) based on their coverage of management objectives. First, we showed operators a sample
multi-site enterprise network and asked them to choose one or more
of the following objectives: preserve-templates, min-devices, avoidredistribution. Next, we showed them three iterations of the network,
each built on top of the other. The first iteration satisfied two new
blocking policies, the second satisfied a new reachability policy
and the final satisfied a new waypointing policy. We specifically
highlighted updates made by each synthesis tool and asked the operators to categorize these updates as good, average, or bad, w.r.t.
their chosen objectives. We observe that in 50% of their answers,

AED

CPR

NetComplete

a) AED VS CPR

b) AED VS NetComplete
400

Time (s)

40

Time (s)

they cannot model features like packet filters and route redistribution.
For the topology zoo networks [31], we first synthesize configurations which support 8 randomly-generated reachability policies. We
then generate 8 more policies and run AED, CPR and NetComplete
to obtain configurations that support all 16 policies.
In Figure 9, we show the average percentage of changes (mindevices and min-lines) made in both the real and synthetic networks.
In Figure 10, we evaluate for the min-pfs and preserve-templates
objective. The final two objectives are related to filters. To evaluate
them, we use synthetic blocking policies on synthetic networks to
allow filter updates. Overall, AED performs better for all objectives.
We explain the results in detail below.
Comparison with manual updates. In Figure 9, we observe that
compared to actual updates, AED significantly reduces the number
of devices and lines affected. When executed with the preservetemplates objective, AED’s updates did not violate any configuration
uniformity, and neither did the actual updates. Although we don’t
know the actual management objective of the network operators
when conducting their updates, these experiments show that AED
matches or outperforms manual updates for many types of objectives.
Comparison with NetComplete. In Figure 9, we observe that NetComplete makes more changes than the other tools. It modifies
almost all devices in the network, whereas AED on average can
limit the number of modified devices to less than 30%. Additionally, for preserve-templates objective (Figure 10b), NetComplete
creates as high as 25% template violation, whereas AED does not
violate any template. This happens because NetComplete [17] does
not support update size/scope objectives and only partially supports
configuration structure objectives.
Comparison with CPR. Recall from 3.2 that CPR only supports
update size objective. Hence, as shown in Figure 9, AED and CPR
have similar results. However, for configuration structure and feature
usage objectives (preserve-templates and min-pfs), CPR performs
poorly. For example, as shown in Figure 10a, with min-pfs objective,
AED never added more than 2 filters in any network. Whereas in
some cases, CPR added 3X as many as AED. Additionally, for
preserve-templates objective (Figure 10b), CPR creates the most
template violations among all the tools.
This shows that a system such as CPR that bakes in a specific
objective (min-lines) will find updates that may be valid but undesirable for an operator for multiple different management objectives.
Whereas, AED’s intrinsic expressiveness affords operators much
greater flexibility.
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AED’s updates were rated better than the other tools. And in 42%
of their answers, AED’s updates were rated equal to the other tools.
In the remaining 8% of their answers, where AED’s updates were
rated lower, AED modified intermediate devices whereas operators
preferred changing route-originating devices. However, note that by
specifying this preference as an extra objective, AED could achieve
the same update. We also observe that in 8% of their answers, AED’s
updates were rated bad. However, in those answers, other tools were
also rated bad because all of them violated certain templates.
Overall these qualitative and quantitative results (vs. manual-,
NetComplete-, CPR-based updates) show AED’s practical utility.

9.2 Performance
Next, we examine AED’s performance and scalability. In the remaining experiments, we group networks by their size and show average
values of metrics of interest for each group.
Impact of network size. We first compare AED’s performance with
CPR [21] by running both tools with their intrinsic performance
optimizations turned on across the 24 real datacenter networks. Figure 11a shows that for small networks (≤ 10 routers), the time AED
takes to compute updates is comparable to CPR. However, with
increasing network size, AED’s SMT-based control plane encoding
becomes more complex, relative to CPR’s graph-based encoding.
Consequently, the time difference between CPR and AED in computing updates increases with network size. Recall however that
CPR has poor management objective coverage (Table 1) and cannot
satisfy configuration structure or feature usage objectives. Despite
much greater generality, AED’s performance does not significantly
degrade compared to CPR.
To evaluate AED’s scalability on larger networks, we use the
NetComplete-generated configurations. We repeat the experiment
from §9.1, where we start with configurations which support 8 reachability policies, and update them to satisfy 8 more policies. The
objective is min-devices. The time taken to create the updated configurations is shown in Figure 11b. We observe that AED significantly
outperforms NetComplete (i.e., clean-slate synthesis) by a factor of
10 to 100X. There are at least two reasons for this. The primary one
is that, by taking the existing network as input, AED deals with a
smaller search space, compared to NetComplete, where we made
all configuration constructs symbolic. A secondary reason is that
the NetComplete prototype deals with integer variables (e.g., for IP
prefix, local-pref etc). It is synthesizing values for these variables
in BGP configurations using an SMT solver, which contributes to

AED
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slow down. AED’s optimization strategy (§8) could improve NetComplete’s performance too, but the overall performance achieved
will still be poor due to the search space.
Impact of policy set size. Next, we measure how AED scales with
the number of old and new policies in a changing network. We
consider reachability policies on a 70 router network. For this experiment, we introduce two terms: (1) base policies, which represent the
policies already configured in the network, and (2) added policies,
which represent new policies to be added to the network. For the
first experiment, we vary the number of base policies but keep the
number of added policies fixed at 8. NetComplete scales poorly and
takes more than 30 hours to handle just 64 base policies. On the
other hand, AED scales linearly with the number of base policies
and can synthesize a total of 1024+8 policies in 250 seconds. Next,
we explore how AED scales as a function of the number of added
policies. We run this experiment with three sets of base policies: 64,
128 and 256. Figure 12 shows that AED also scales linearly with an
increasing number of added policies, irrespective of the number of
base policies.
Impact of policy type. Finally, we evaluate AED’s performance as a
function of policy type. We evaluate on the real datacenter networks.
Here, we assume the operator wants to update the policies supported
by all networks by adding 5% new policies. We consider three
classes of newly added policies: reachability, waypointing, and, pathpreference. From Figure 13, we observe that at larger network sizes
(>15), adding path-preference policies is the slowest to generate
updates for. These policies need to ensure that (i) a less-preferred
path is taken only when a more-preferred path is unavailable, and,
(ii) ordering of routers in these paths is valid. This results in adding
more variables and constraints to our formulation compared to the
other two policies. However, the overall time to compute updates is
still reasonable.

We next evaluate the performance benefits and optimality impact of
our strategies for improving AED’s speed (§8). We assume that the
strategies are leveraged in isolation. When employed together, their
benefits compound. For brevity, we discuss results only for the real
datacenter networks. We see similar and sometimes better speedup
on the synthetic networks.
Parallel solvers. Solving the control plane update problem for multiple destinations in parallel yields updates in significantly lower time
than solving the entire update instance at once. As shown in Figure 14a, performance speed up ranges from 10X to 300X under
the min-devices objective. However, by not looking for a “globally”
optimal update, we may sacrifice on update quality. In Figure 14b,
we observe that there is only one network (with 15 routers) where
running AED in parallel results in updates spread across 2 additional devices compared to using a single AED instance. Overall,
parallelization performance speedup outweighs optimality loss.
Using boolean variables. A key optimization in our encoding was
to replace certain integer variables with approximate boolean equivalents, because searching for suitable assignments for an integer
variable can take a significant amount of time. In this experiment, we
consider the lp variable. We use a synthetic setting (because this construct was not exercised in the networks of our dataset). Specifically,
we use the topology shown in Figure 1 and evaluate how quickly
AED computes updates for path-preference policies. The policy for
all source-destination pairs is to prefer routes through C over routes
through A. We set a higher lp value on router A (compared to C)
in the configurations we provide to AED, such that the preference
policies can only be satisfied by changing local preferences. This
approach of using boolean variables instead of integers improves
AED’s performance by 3-10X.
Pruning configuration. Another key optimization was to prune irrelevant parts of the configuration for the given policy. This can
simplify the MaxSMT problem by removing irrelevant conditionals and delta-variables from our encoding. We observe that this
optimization improves AED’s performance by 1.2-1.5X.
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RELATED WORK

Network verification. Recent work [6–8, 15, 19, 20, 22, 28, 29,
36, 40] has shown how to detect errors in network control planes
that lead to violations of important network-wide policies. Tools like
Minesweeper [8], Bagpipe [46] and FSR [45] use SMT solvers for
verification. However, these tools cannot model network updates.
Intent-based networking. The idea of using policies (network intent) to configure the network has has been well-adapted in both
Software-Defined Networks (SDN) [5, 6, 37, 39, 41] and legacy
networks [10, 17, 18, 38, 42]. Recently, many synthesis tools [10,
17, 18, 38, 42] automatically generate provably correct distributed
control plane configurations, based on a set of high-level policies
provided as input. However, these result in clean slate configuration
updates.
Centralized control plane update. Wu et al. have designed an
update system for a centralized control plane that uses provenance
information to identify what caused the control plane to generate
forwarding rules that violate some policies and suggests fixes to
correct the problem [47]. However, like CPR, this system is far from
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a complete solution to the problem of updating centralized control
planes. In particular, Wu et al.’s system requires control planes to be
written using a declarative programming language [34], and makes
no guarantees on the optimality or interpretability of the updates.
Forwarding rule update. Some systems [25, 38] directly update
forwarding rules. But this causes the control plane’s view of the
network to diverge from the current forwarding state. Future actions
taken by the control plane may conflict with the updated forwarding
rules, resulting in further policy violations and needing frequent
forwarding updates.
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DISCUSSION

Deploying updates. Deploying large number of configuration updates in a live network can lead to routing issues, like transient
forwarding loops and black holes. It can also result in significant
network downtime. Safely updating configurations in a live network
is an important research problem and is part of our future work.
Encoding limitation. We presented our paper in the context of
BGP and OSPF because they are very widely used. Although our
encoding can be extended to model protocols like RIP and EIGRP,
it cannot model stack-based protocols (e.g. MPLS, segment routing,
etc) and open-flow rules. Our encoding also does not handle external
routes, non-routing/forwarding-related configuration elements (e.g.,
SNMP, etc), and layer-2 features (e.g. mapping interfaces to VLANs,
spanning tree, etc).
SMT output for special cases. If the network has multiple stable
states/configurations to satisfy the policies and management objectives, then AED’s SMT solver will choose one of those states. If
there are conflicting policies or if the network cannot implement
all the policies, then the SMT solver will generate an unsat solution. This indicates that the input (configurations and policies) is
unsatisfiable.
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CONCLUSION

Our survey on configuration change practices showed that along
with correctness, operators care about a variety of management
objectives. To support that, we propose a new synthesis tool called
AED. AED encodes current configurations and its potential updates
as a novel MaxSMT-based model whose structure is analogous to a
syntax tree. AED allows operators to specify their objectives using
a novel objective language and it encodes these objectives as softconstraints. Finally, our evaluations over both real and synthetic
network configurations show that AED computes updates fast and
covers multiple management objectives.
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A

ENCODING ROUTING ALGORITHMS

The control plane advertises, computes, and selects routes based
on parameterized algorithms. These algorithms reference the protocol parameter variables defined in §5. AED also creates control
and data plane forwarding variables for each physical adjacency:
e.g., controlFwd A→B and dataFwd A→B represent A’s decision of
whether to forward traffic to B. The value of the latter accounts for
packet filters, whereas the value of the former only accounts for
route selection.
Route advertisements. Receiving and sending of route advertisements is modeled using constraints expressed over symbolic route
advertisements. A pair of constraints is created for each pair of
neighboring routers in the physical topology.
1
2

if BG PY ∧ BG P Ad jY →X ∧ act ive LinkY →X ∧ out BG P Y →X .valid then
inBG P X ←Y .valid = f il t er Y →X .allow

4

inBG P X ←Y .pr e f ix = out BG P Y →X .pr e f ix
inBG P X ←Y .lp = f il t er Y →X .lp

5

...

3

6
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Figure 15 shows the template for constraints that encode BGP’s
route receiving function. The template is parameterized by two neighboring routers X and Y , where X receives an advertisement from
Y . Line 1 represents a set of conditions that must be met to receive
a route: the routing protocol is enabled on the router (BGPX ); the
routers are configured to have a routing adjacency (BGPAdjY →X );
the physical link connecting the routers is active (activeLinkY →X );
and the advertisement sent by the adjacent router is valid. Certain
fields of the symbolic advertisement depend on the route filter that
applies to the adjacency (lines 2 and 4), while other fields are populated from the adjacent process’s outgoing advertisement (line
3), independent of route filters. Note that the constraint references
the protocol parameter variables defined in §5. This differs from
NetComplete [17] and Minesweeper [8], where such values (e.g.,
prefixes and local preferences) are included directly in the receive
(and send) constraints.
The constraints representing the sending of route advertisements
have a similar structure, except matches and assignments are based
on the best advertisement for that protocol (described below) and
the policy being verified. For example, the constraint in Figure 16
encodes which BGP advertisements a router forwards (lines 1–6)
and originates (lines 7–10).
1
2
3
4
5

if best BG P X .valid then

// Forward advertisement

out BG P X →Y .valid = true
out BG P X →Y .pr e f ix = best BG P X .pr e f ix
out BG P X →Y .cost = best BG P X .cost + 1
out BG P X →Y .lp = best BG P X .lp

...
else if or iдinat e X →Y .adver t ise then
out BG P X →Y .valid = true
9
out BG P X →Y .pr e f ix = or iдinat e X →Y .pr e f ix
10
...
11 else out BG P X →Y .valid = false
6

7
8

// Originate

Figure 16: Encoding of BGP sending a route advertisement
Route selection. To model route selection within and across protocols, the encoding includes an additional symbolic record for each
routing process (e.g., bestBGP X ) and each router (e.g., bestOverall X ).
A process’s best record is set to the most preferred incoming and
valid record: e.g., bestBGP X is equated from among multiple in
records from different neighbors, based on which record has the
highest lp and lowest cost. Similarly, a router’s (bestOverall X ) best
record is equated to whichever of its routing process (bestBGP X or
bestOSPF X ) has the lowest ad. A router’s best route (e.g., bestOverall X )
determines which interface (e.g., controlFwd X →Y ) is used to reach
the destination listed in the policy:
cont r ol F wd X →Y ⇐⇒ (inBG P X ←Y = best Over all X ) ∨
(inO S P F X ←Y = best Over all X )

Data forwarding. Finally, AED encodes whether X forwards packets to Y using a dataFwd variable whose value is constrained based
on the chosen route and any packet filters defined in the configuration. Again, these filter rules are encoded separately (§5) from the
forwarding algorithm, which differs from existing tools [8, 17].
dat aF wd X →Y ⇐⇒ cont r ol F wd X →Y ∧ pF il X →Y .allow

else inBG P X ←Y .valid = false

Figure 17: Encoding of data forwarding rules
Figure 15: Encoding of BGP receiving a route advertisement

